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ABSTRACT

This report covers the design effort and component and systems tests performed
from 29 June 1963 to 29 June 1964 on two Model NV-B1 Pneumatic Actuators for thrust
vector control of the J-2 Rocket Engine. These actuators were designed to conform to
MSFC Specification 50M35003.

The prime intent of this program was to prove the feasibility of an electropneumatic
linear actuator for thrust vector control. The actuator was designed with all possible
component safety factors to insure satisfactory operation; therefore, size and weight
specifications were considered secondary for this prototype design.

The design, development and tests proved feasibility of the use of an electro-
pneumatic actuator for thrust vector control

The testing reported herein indicates that improved performance of the design is
attainable by further development of various components. Size and weight requirements
of the specification may also be satisfied using the basic design proven under this

program.
O
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SECTION I

INTRODUCTION

1.1 PROGRAM OBJECTIVE

The objectives of this program were to design, fabricate, and develop two electro-
pneumatic actuators to prove feasibility of this type actuator for thrust vector control
for the J-2 engine as it would be used on the SIVB stage of the Saturn vehicle.

The actuators were designed to meet the requirements of MSFC Specification
50M35003 which included the following environments:

Temperature: -250° to 150°F
Pressure: 10-6 mm Hg. to sea level
Vibration: 40 G's

The units were to be capable of seventy-two hours of operation. The pneumatic
power medium was gaseous hydrogen at 700 to 850 psig at -250°F. The forces required
demanded an output power rating of approximately six horsepower.

1.2 PROBLEM AREAS

It was recognized that the prime problem area would be concerned with lubrication
at the -250°F temperature. This temperature indicated that dry film type lubrication
would be necessary for gears, bearings, and the ball screw. Previous experience had
indicated that conventional methods of dry film lubrication of ball screws were not satis-
factory. The debris formed from MoS2, etc. tends to cause the balls to slide. A com-
ponent test program was required to develop a new method for ball screw lubrication.

Cryogenic seals for reciprocating motion were also considered as a problem, since
little was known of seals that would seal low pressure hydrogen over the temperature
range. A component test program was also established for this program.

Development of a servo valve and motor for operation in the required environment
was also necessary. A two-stage servo valve which is similar to previous valves which
Bendix has developed for cryogenic applications was designed. A double lobe vane motor
was selected over other approaches as a result of computer and design studies which
indicated it to be most applicable in comparison to other designs.




1.3 REQUIREMENTS

In addition to the environmental and operating medium requirements, the actuator

was required to meet the following design specifications:
a. System Bandwidth
b. Phase Lag at 1 cps
c. Peak Amplitude Ratio
Weight
e. Duty Cycle (1/2 Rated Load, 1/2 Stroke, 1/2 cps)
f.  Quiescent Flow
g. Stroke
h. Snubbing Stroke Each End
i.  Maximum Load
j- Rated Load
Make Up 7300 in. lbs. friction
kK. Rated Velocity @ 23, 200 1bs.
1.  Acceleration
m. No Load Velocity - Maximum
n. Actuator Stiffness - Structural
0. Side Load Applied at Center of Gravity
p. Rated Servo Current
g. Servo Valve Power
r. Threshold

s. Null Bias Current

1-2

8 cps

20 degrees

1.5

75 pounds

72 hours

0. 5 Ib/min.

2.9 +.032 inches
0. 100 inch

42, 000 pounds
23, 200 pounds
1, 400 slugs

1. 66 in. /sec.

21 in. /sec. 2
3.3 in. /sec.
600, 000 lbs. /in.
5, 000 pounds
40-50 ma

250 milliwatts
0. 25 ma

0. 50 ma




SECTION II

DEVELOPMENT APPROACH AND ACTUATOR DESIGN

2.1 DESIGN CRITERIA

The prime design criteria was to design an actuator to meet all power and life
requirements to prove feasibility of an electropneumatic actuator for thrust vector
control of the J-2 engine. Size and weight were considered factors secondary to ob-
taining reliable long life hardware for this prototype unit. The prototype design was
considered as being a device on which endurance testing could be run to establish com-
ponent capabilities for future design activity.

2.2 DESCRIPTION OF ACTUATOR CONFIGURATION

The Model NV-B1 actuator designed during this program is shown schematically
in Figure 2-1. Figure 2-2 shows the complete assembly and Figure 2-3 is an exploded
view. The parts list, 2775024, for the actuator is included in Appendix A.

Correcting signals to the torque motor of the spool type servo valve controls the
hydrogen flow to the high speed vane motor. The motor output drives through a planetary
gear train and an idler gear to rotate the nut of the ball screw assembly. Rotation of the
nut causes the ball screw to move linearly; rotation of the screw is prevented by a ball
spline assembly. The position of the screw is fed back to the system servo amplifier by
an internally mounted potentiometer. Actual and desired output positions are compared
electrically; any resulting error is modified and amplified and then fed to the torque

motor.

The actuator is equipped with snubber springs which act as shock absorbers to
prevent structural damage to the actuator and engine.

2.3 DESCRIPTION OF MAJOR COMPONENTS

2.3.1 D.C. Servo Amplifier

The Model 9513 is a special purpose D. C. amplifier assembly designed to
sum three separate, ground referenced input signals and drive a floating two wire per-
manent magnet torque motor. The assembly consists of a wired rack adapter containing
a Model 9552 Voltage Amplifier, a Model 9553 Feedback Board, a Model 9554 Power
Booster, and a Dual Power Supply.
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Figure 2-1. Schematic Diagram of the NV-B1 Electropneumatic

Linear Gimbal Actuator
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Figure 2-2. External View of the NV-B1 Actuator

Figure 2-3. Exploded View of the NV-B1 Actuator

2-3




The amplifier is designed to provide a flat frequency response to 150
cps and with minor internal connections, a double lead and a double lag for system
compensation. The shipping configuration was with the compensation in.

2.3.2 Torque Motor

The torque motor used to actuate the servo valve is a permanent magnet
type motor actuated by a +50 milliampere signal applied to a 100 ohm equivalent re-
sistance coil. The torque motor is supplied by Midwestern Instruments, Inc. as Model
39-4 and by Servotronics, Inc. as Model 29-2-32. Current applied to the coil causes
the flapper output to move, controlling the flow in the pilot stage of the servo valve which,
in turn, controls flow to the pneumatic motor.

Maximum torque motor stroke is 0. 020 inch but the torque motor ad-
justable armature stops are set to limit spool stroke to 0. 015 inch. Input power for a
0. 020 inch stroke is 0. 250 watt maximum, developing three ounces of force, at the end
of stroke.

The air gaps and coils are sealed from the working fluid to prevent con-
tamination and to better control gas leakage paths. Leakage of non-toxic or non-
explosive gases is normally not a serious problem but excessive leakage of hydrogen to
an environment containing oxygen, especially during systems checkout, could be danger-
ous. Isolation of the air gaps and coils is accomplished by the construction features of
the flapper-spring tube assembly. A teflon coated metallic seal is used to seal the
valve body/spring tube base interface.

2.3.3 Servo Valve Description

The servo valve is a two-stage pneumatic four-way spool valve actuated by
a 250 milliwatt signal applied to a dry coil type torque motor. A 50 milliampere
current signal displaces the 0. 625 inch diameter spool 0. 015 inch in a direction de-
pendent upon applied current polarity. The spool supply metering area is 0. 0186 in. 2
and the exhaust metering area is 0. 0294 in. 2 at rated stroke. The valve is designed to
operate on cold gaseous hydrogen at -250°F and 800 psia. The valve body and spool
material is 440C stainless steel with a black oxidized surface per MIL-13924A, Class 2.

The valve is shown in Figures 2-4 and 2-5. A schematic of the servo valve is shown in
Figure 2-6.

The schematic diagram, Figure 2-6, shows the internal mechanism of the
servo valve. The nozzles of the pilot stage are symmetrically located on either side of
the torque motor flapper. Each nozzle is communicated to the opposite spool end or ram
chamber. Flow into the ram chamber is through a fixed upstream orifice which, in this
valve, is the annular opening created by the radial clearance of the spool in the valve body
bore. This pilot stage arrangement requires no filter and employs no small channels
in the valve body for pilot stage communication. As in conventional servo valves, an
input current signal applied to the torque motor results in a flapper displacement which
creates a pressure differential across the spool due to unbalanced flow conditions. The
unbalanced force on the spool is in such a direction that spool motion restores the
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Figure 2-5.

View of Servo Valve Showing Ports
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flapper-nozzle assembly to the original centered condition. The spool has been dis-
placed an amount identical to the flapper motion. This one-to-one position feedback
enables the spool to be accurately positioned because of the large force available to
overcome spool inertial, flow, frictional, and contamination shearing forces.

When the spool is moved from the null position, one load port is opened to
supply line pressure and the other to the exhaust line. Since the spool follows the
flapper motion almost exactly, the valve metering area is directly proportional to the
input signal to the torque motor.

A problem inherent in a pneumatic servo valve is the dynamic instability
of the spool that results from gas compressibility. The damping tank connected to the
ram chamber of the spool through the small orifice provides sufficient damping for
stability on air, nitrogen, or hydrogen. As the spool oscillates, energy is dissipated,
pumping the ram chamber gas through the damping tank orifice. This energy loss re-
sults in the spool motion decaying to essentially zero amplitude in a very short time.
The tank and the orifice have been sized to provide stability throughout the temperature
and supply pressure range of the valve. The tank is contained in the end cap for mini-
mum over-all valve size.

Lubrication of the spool is provided by the oxide film on both the body and
spool sliding surfaces.

2.3.4 Servo Motor Description

The servo motor is a double lobe positive displacement vane motor and
consists of a housing, rotor, vanes, vane lift springs, rotor support bearings and two
end caps. An exploded view of the breadboard model is shown in Figure 2-7. An as- |
sembled view of the motor used on the actuator is shown in Figure 2-8 with servo valve
and torque motor.

The rotor is located in the center of an elliptical cam bored in the housing.
When rotating, nine vanes slide on the cam contour while reciprocating in slots machined
in the rotor. Springs are inserted under the vanes to insure vane contact with the cam
contour when the motor is not rotating. The motor is completely reversible and used in
a positive displacement mode of operation.

In a positive displacement design, the working gas is exhausted without
expansion and work derived from the motor is displacement energy. Essentially, the
unit will receive gas at a certain pressure and temperature and discharges the gas at
close to the same conditions.

Gas under high pressure is metered from the valve to the inlet port to the
chamber formed by two adjacent vanes, the rotor, the housing and the two end caps. The
pressure difference across the vanes then causes a force unbalance and rotation begins.
As each vane chamber rotates into position it is filled with high pressure gas and posi-
tive displacement energy is obtained. This charging process continues until the trailing
vane of that chamber cuts off the inlet port, then to insure against "short circuiting' an
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Figure 2-7. Exploded View of Vane Motor Assembly

Figure 2-8. Servo Motor Assembly




extremely small expansion cycle begins. As the leading vane of the chamber uncovers
the exhaust port, this design safety margin expansion is terminated, gas flows to the
ambient at near initial pressures and the final pressure in the chamber is ambient or a
controlled back pressure. After further rotation, the trailing vane "cuts off" the exhaust
and the residual or trapped volume of gas is ported through the servo valve,

The motor design utilized in the J-2 system is semi-balanced because
although it has two lobes, it has an odd number of vanes.

Utilizing a double lobe design tends to balance the forces on the anti-
friction rotor support bearings. An odd number of vanes causes slightly higher bearing
loads but increases minimum starting torque and reduces output torque ripples. The
increase minimum starting torque results from not having a condition where two vanes
are in the minimum extended position at the same time.

2.3.5 Transmission

A single stage planetary transmission with a ratio of 4. 5:1 is used between
the motor and ball screw nut. The output gear drives an idler gear which in turn drives
a gear pinned to the ball nut providing an additional ratio of 3. 13:1. Figure 2-9 shows
the planetary transmission. The total transmission ratio motor to ball screw nut is,
therefore, 14.08:1.

The transmission gears are 400 series stainless steel with differential
hardness between the gears. Lubrication is provided by coating the planet gears and the
idler gear with . 0003-. 0007 inch thick Hi-T-Lube, a proprietary dry film coating con-
sisting of gold, silver and MoS3 applied by the General Magnaplate Corporation,
Belleville, New Jersey.

Figure 2-10 indicates relative positioning of the gear train to drive the ball
screw nut.

2.3.6 Ball Screw and Ball Spline Assembly

The ball screw and ball spline assembly was manufactured by Beaver
Precision Products Corporation, Clawson, Michigan. The screw, nut and male splines
are made of Latrobe Steels BG-42 CRES bearing steel. Titanium carbide 0. 28125 inch
diameter balls are used for load carrying in both the screw and spline to reduce the
possibility of vacuum welding in space environments. The screw has a lead of 0. 400 inch
per revolution and has a basic diameter of 3. 00 inches. The ball nut consists of three
separate circuits of 2-1/2 turns per circuit. Each circuit contains 105 balls. Lubri-
cation is provided by inserting one 0. 280 inch diameter teflon ball alternatively with each
nine and then ten load carrying balls. This method of lubrication was developed during
the component testing phase of this program.

The ball spline consists of six spline ball tracks containing five balls per
track. A leaded bronze, spring-centered ball retainer is used to provide proper ball
spacing for the spline. The relatively slow rolling speed of the spline balls does not
require lubrication.
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Figure 2-9. Exploded View of Planetary Transmission

Figure 2-10. Planetary Transmission and Ball Screw Assembly
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Figure 2-11 shows the ball screw and ball spline assembly.

2.3.7 Ball Bearings

The ball bearings used in the motor and transmission are the split outer
race type and use races and balls of 440C stainless steel. In order to provide lubri-
cation, solid retainers of DuPont's Super Polymer SP-1 are used. Ball contact with the
retainer transfers SP-1 material to the races to provide a lubrication film which has
been found to provide good life characteristics for cryogenic applications.

The actuator thrust is absorbed by a specially designed matched set of
three four-point contact bearings which can absorb thrust in both directions. SP-1 is
also used for ball retainers of the split riveted type for these bearings.

2.3.8  Static Seals
The static seals used were primarily metallic teflon coated face seals
except for the split line of the motor and the adjustment of the rod end which were cup
type teflon seals with garter spring expanders. The cup type seals were required to
provide a diametral seal.

2.3.9 Dynamic Seal

The dynamic seal used on the rod end of the actuator was a cup type seal
made of teflon with a garter spring expander. The reciprocating motion requires a
diametral seal. The outer lip of this seal works against the chrome plated reciprocating
bearing bore.

2.3.10 Reciprocating Bearing

The reciprocating bearing used on the rod end piston to prevent metal-to-
metal contact consists of a trapped 0. 033 inch thick, 0. 560 inch wide strip of Rulon type
LD material. The ends of this material are cut on an angle so that the greater thermal
contraction of the Rulon will simply widen the gap around the annulus retainer.

2.3.11 Spherical Ball Ends

The spherical ball ends use 440C balls in a formed 17-4 PH outer race
and are secured in the rod end and bracket eye (head end) by circular staking on the outer
race over a chamfer on the housing.

2.3.12 Housing
The main housing was machined from a solid billet of AMS 5613 CRES
steel. The cover on the rod end and bracket eye on the head end are secured in place

by large spanner nuts. All highly stressed threads conform to MIL-S-8879 configuration
with special root radii to prevent stress concentration.
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Figure 2-11. Ball Screw and Spline Assembly
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2.3.13 Feedback Potentiometer

The feedback potentiometer used in the NV-B1 design conforms to Bendix
Drawing 2775565 and Specification NPD-110 (included in Appendix B of this report).
This potentiometer is of special design and includes a Bendix Scintilla PT1H-12-8-P
receptacle so that it may be plugged into the actuator and can be removed by simply re-
moving the rod end and its two retaining nuts, prong-type locks for the nuts, and the
wiper shaft connection. This unit was purchased from the Markite Corporation.

2.3.14 Snubber

The snubber is composed of one assembly of four disc springs arranged
in series. To maintain the contact point at the spring's outer diameter when snubbing
in either direction, only three springs are active in any one direction. The spring
material is AMS 5528 or AMS 5644B (17-7TPH plate or forging) heat treated to condition
TH 1050. This material was selected for its availability, high stress capability and
retention of ductility at cryogenic temperatures.

The spring assembly is mounted on the ball screw and contacts the
actuator housing at both ends of the 2. 9 inches travel. The available snubber stroke
is 0.1 inch, the spring rate is 632, 000 lbs. /in. providing a maximum force of 63, 200
pounds.
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SECTION III

DESIGN ANALYSIS

3.1 CONTROL SYSTEM

An analog computer study was made of the control system with a two-stage jet
pipe valve instead of with the final valve configuration. The study is conservative in
its results because the dynamics of the jet pipe valve is not quite up to those of the
valve used. The results of this study are included in Appendix C.

3.2 MOTOR-TRANSMISSION SIZING PARAMETERS

The actuator Specification 50M35003 requires the following output power
requirements.

1. Rated load-speed 23, 200 1bs. load at 1. 66 in. /sec. (5.83 HP)

2. Maximum stall force 34, 800 Ibs. subsequently increased to 42, 000 1bs.

in a MSFC-Bendix coordination meeting on
August 6 and 7, 1963

3. Maximum no-load speed 3.3 in. /sec.

4. Bandwidth of 8 cps, for a command signal of 0. 05 inches amplitude, with
7300 1bs. load friction, and 116. 5 lbs. -sec. 2/in. load inertia.

Using these requirements and estimated inertias, the required actuator component

characteristics are as follows:

Motor Inertia at Motor 0. 002 in. -1b. -sec. 2
Planetary Input Inertia at Motor 0. 00104 in. -1b. -sec. 2
Planetary Output Plus Ball Gear Nut

Inertia at Nut 0. 1389 in. -1b. -sec. 2
Ball Screw Ratio 15.71 rad. /in.
Planetary Transmission Efficiency 90%
Ball Screw Efficiency 80%

3-1



A study was made assuming various overall ratios of 150 to 250 radians per inch.
The results of this analysis are shown in Figure 3-1. It was decided from this analysis
that an overall ratio of approximately 225 radians per inch would more nearly match
vane motor characteristics than any other ratio. The final design provided a ratio of
221 radians per inch. Figure 3-2 indicates the requirement points and the area in which
motor torque-speed characteristics should fall to meet all requirements. This curve
incorporates the actual actuator inertia values and overall efficiency. It was noted that
the normal straight line torque speed curve of a pneumatic motor must be modified to
meet all requirements. It appeared that some method of limiting maximum motor
speed would be the best method of meeting all requirements.

3.3 SERVO VALVE AND TORQUE MOTOR

3.3.1 Pilot Stage

A schematic and equivalent pneumatic circuit of the pilot stage of the
servo valve selected is shown in Figure 3-3. This type of bleed arrangement was con-
sidered to be the most satisfactory, because for a low temperature transient, the spool
with its lower mass would decrease in diameter more than the bore of the servo valve
body. Since orifices A1 and A3 are clearances, their areas would increase causing a
slight decrease in the pressure sensitivity of the pilot stage, whereas if the servo valve
configuration shown in Figure 3-4 were used, the increase in clearance would cause
more leakage and would result in a lower ram pressure and a slight loss in pilot stage
control.

A study was made of the pilot stage configurations shown in Figures 3-3
and 3-4 to determine the most desirable orifice sizes. Early in the study, the con-
figuration shown in Figure 3-4 was eliminated in favor of the configuration shown in
Figure 3-3. During the initial phases of the study, orifice Ac was omitted, but was later
added when it was found that the pilot stage was marginally stable when the spool to servo
valve body bore clearance was made a minimum compatible with smooth spool movement
at low temperatures.

Figure 3-5 is a plot of the pilot stage blocked spool ram pressure as a
function of the torque motor flapper displacement for various values of orifice Ac dia-
meters with the equivalent diameters of orifices A], A2, A3, and Ap held constant. The
diameter of orifice A; was chosen to be 0. 016 inch. The constant orifice areas above
were selected with due consideration given to the servo valve quiescent flow requirements,
the stiffness of the pilot stage, the clearances necessary for cold temperature operation,
and the effects of the mass of the spool on the servo valve frequency response.

3.3.2 Power Stage

The power stage of the servo valve is a 0. 625 inch diameter spool with a
supply metering area of 0. 0186 square inches and an exhaust area of 0. 0294 square inch
at a rated spool stroke of 0. 015 inch.
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The above metering areas could have been obtained with a spool diameter
in the order of 3/16 to 1/4 inch. The larger diameter of 0. 625 inch was chosen to
minimize the problem of mounting the flapper nozzles in the spool.

The exhaust area was made larger than the supply area to minimize the
exhaust back pressure on the motor. This was accomplished with a single diameter
spool by utilizing the full circumference of the spool for the exhaust area and only a
portion of circumference for the supply area. The supply area consists of three equally
spaced 76° angular openings.

Should it be desirable to increase the supply area, the angular openings
can be increased from the present 228° to the full 360° which would result in the supply
area being equal to the exhaust area. A further increase to 0. 039 square inch can be
obtained by increasing the spool stroke to +0. 020 inch.

3.3.3 Material Selection

The material selected for the valve spool and body was 440C stainless
steel. This material has been found to be very suitable for valve applications. Tests
previously conducted at Bendix Research Laboratories Division confirmed that wear
resistance, corrosion resistance, and material stability made 440C stainless acceptable
for low temperature valve applications. Additional factors considered in the selection
of 440C was the availability of the material, relative manufacturing advantages (i. e. ,
no exotic processes required), and the ability to retain an oxide film on the surface.

The J-2 actuator must be run without conventional lubrication. Initially
it was believed that a 440C spool could operate in a 440C bore without galling, but during
preliminary valve tests very slight gall marks were noticed on the spool lands. To
alleviate this, a black oxide film was applied to the spool and bore to serve as a lubricant
between these surfaces. The black oxide also provides another advantage in that the
material becomes even more corrosion resistant. In the many hours of operation after
applying the oxide treatment to the three valves, no further galling was observed.

A temperature stabilization technique was applied to the critical valve
parts made of 440C material. The stabilization consisted of cycling the valve parts,
before final fitting, several times through a temperature range greater than the ex-
pected operational temperature range. This technique minimizes subsequent valve dis-
tortion due to temperature extremes.

3.3.4 Valve Seals
To prevent hydrogen gas leakage to atmosphere, teflon coated metallic
seals are used rather than the conventional noncoated metallic seals. The teflon coating

is desirable because of its cold flow properties under load which allows the teflon to
flow and fill any minute surface irregularities. Thus far the seals appear satisfactory.
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3.3.5 Contamination Tolerance

The valve can, within reason, be considered a contamination tolerant
valve because of the large pilot stage shearing force capability, no critical small
orifices, and a circular annulus serving as the upstream pilot stage supply orifice in-
stead of a small conventional orifice. All orifices were made as large as was compati-
ble with the quiescent flow requirements to allow large particles to pass without clogging.
A circular annulus was chosen for the upstream orifices because it will accept a larger
number of contaminate particles without clogging than will a circular orifice. A large
particle, which would normally block a conventional orifice, blocks only a small angular
segment of an annulus permitting flow to continue through the remainder of the annulus.

3.3.6 Torque Motor

The torque motor requirements were not too severe except for the low
power which requires a somewhat larger torque motor, and also limits the maximum
flapper stiffness. Normally, because of servo valve stability considerations, the flapper
should be as stiff as possible. To increase the flapper stroke, the output point of the
flapper was extended to a position one inch below the base of the torque motor.

The valve body size was designed so that pressure feedback could be .in-
corporated, if necessary, at some future date. This factor caused the body size to be
slightly larger than would be otherwise necessary.

A design feature is the shielding effect provided by the anti-rotation tube.
The anti-rotation tube projects into the spool to prevent the spool from rotating into the
flapper. The tube shields the flapper which passes through the tube from pneumatic
'"'noise' or turbulence as gas flow is exhausted through the valve.

A torque motor centering adjustment is provided on the valve. By ad-
justing two set screws, in opposition to one another, it is possible to center the torque
motor at a point which provides equal valve motor port pressures.

3.4 ANALYSIS OF PNEUMATIC VANE MOTOR

3.4.1 Displacement Volume (Dyy)

In a non-expansion motor, the volume of gas which is the only contributor
to the useful output work is the displacement volume, Dy,. The volume Vyy is defined
as the useful volume of gas for one chamber between any two vanes. Physically, Vpm,

is the total volume (VT) between two vanes at admission cut-off, minus the clearance
volume (V¢ + Vy).

Vm = VT - (Vc + VV)

Dy, required to determine torque and output work is given as the displacement volume
per radian of output or
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V.nN
Dm=—m—-

27
where n = total number of vanes
and N = number of lobes in cam contour

Clearance Volume: (V. + Vy)

(Ve + Vy) is the volume of gas between the trailing vane and the outside
diameter of the rotor and the cam contour when a vane just uncovers the admission in-
let port plus the volume of gas under and around the leading vane. Little or no positive
displacement is gained by the motor from this volume. It could be argued that the
volume of gas under the vanes, during admission inlet, is doing work in moving the vane
out of the slot, and in keeping the tips in contact with the cam contour by overcoming
slot frictional forces. Also, if a differential pressure existed across the extended vane
area, the gas under the vane would force the vane against the housing and thus result in
an added reaction torque on the rotor resulting theoretically, in output work. It is de-
sirable for this undervane pressure to insure vane-tip-to-cam contact, however, if the
cam-contour-to-tip reaction force is high, the torque gained from this condition would
be overwhelmingly exceeded by the tip frictional losses. Ideally the vane should
"just touch'' the cam contour.

On the basis of the above paragraph, no practical positive-displacement
output energy can be derived from the clearance volume.

Since, in the non-expansion motor, energy is completely or nearly com-
pletely derived from displacement energy, the gas charged into the clearance volume,
unable to contribute displacement energy, is reflected as a fuel loss. Essentially, a
void is being charged and discharged and the gas is only being pumped at a sacrifice of
fuel. Therefore, a prime design consideration is to keep the clearance volume as small
as practicable.

3.4.2  Sizing the Motor

In the initial sizing of the motor for torque, consideration must be given
to the load friction, inertia, and acceleration as stated in the motor design specification.

Simulated Load Inertia 4.1 x 10-3 Ib-in-sec2
Maximum Motor Inertia 1.1 x 10-3 Ib-in-sec2
Load Frictional Torque 47 in-1lbs

Load Acceleration (for response) 19. 8 x 103 rad/sec?
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A general expression for the required motor torque is as follows:

Jd Jd J T
T = (J + 1 + 2 .. +——¢) a f— L
m m el elez elez v en en m elez PR en
T =~ = Maximum total torque output of the motor required (in-1b)

m

J;m = Inertia of the rotor (in-Ibs-sec2)

J 1’ J 9 J 3 = Reflected inertia to the motor of the various components
between the motor and the load (in-1bs-sec?2)

@ = Angular acceleration in rad/sec?

J = Load inertia reflected to the motor = 1 + J2 .. .. —9n
e1 ejey e1€9. .. en

TL = Frictional load

€y, €9, €g = Efficiencies of various components downstream of the motor.

If the overall efficiency of the transmission is assumed to be 72%,

4.1 -3 i Thecar2 3 rad 47 in-1lbs
m (1.1+-—.72) x 10-9 in-1b-sec4 x 19.8 x 10 sec? + 5T

-3
"

134.5 in-1b + 65.2 in-1b

x|
8
n

=
B8
I

= 199.7 in-1b (Required motor stall torque)

The displacement (D, in3/rev) of the motor required is expressed by

2r Tm
AP x Er

D =

where:

Ep is the torque efficiency (80% based on previous experience with vane
motors)

AP = Differential pressure out of the valve at full load (500 psi)
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D = 2r x 199.7 in-lbs
500 psi x . 80

D

3.2 in3 /revolution

3.4.3 Vane Stress Levels and Deflections

Vane material is DuPont SP Polymer. The basic vane dimensions are:

are
thickness =t = . 140 inch
height = h = .625 inch
length =4 = 2.625 inches

maximum vane extension

Vg =.125 inch

with 850 psi on the vane in the maximum vane extension position, the following
resulting conditions occur: :

maximum torque
producing force = Fr = Vg /(Pressure) = 280 lbs

maximum reaction force FT Vg

in slot of rotor = FR1 = 2 (h-Vg) 35 lbs.

maximum reaction force
at O.D. of rotor= FRa

Fp + Fpy = 315 Ibs

maximum static bending ~_MC =_FR1 (h-VE) 6
stresson vane = opg = I ts

= 2040 psi

maximum static shear
stress (at O. D. of F

R2

rotor) = @g

R 860 psi

maximum deflection
(. 300 inch from tip

radius and using S. P. FRob3 [a(l +b) ] 3/2

i = = = . 0015 inCh
material d 3EIc 3
where a = .0500 inch
b = .0625 inches
c = .5625
3-11
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S. P. Characteristics

Tensile strength room temperature 13, 000 + 2000 psi

430, 000 psi (R. T.)
14,700 psi (R. T.)
11, 400 psi

Modulus of elasticity

Flexural strength

Shear strength

Maximum compressive strength 27, 500 psi

3.4.4 Vane Tip Bearing Stress

The Hertz stress or specific bearing pressure at the vane tip can be

determined from the following equation
ptCi'_Dv)

Dy Dy
Max. S, = .798
1-rd +1 - r‘z,
Ep - Ey
where:

Sc = Specific bearing pressure, psi
Pt = Vane tip load-in pounds per linear inch
Dy = Diameter of curvature of cam contour, inches
Dy = Equivalent vane tip diameter, inches
rh = Poisson's Ratio - housing
E = Modulus of Elasticity of housing, psi
ry = Poisson's Ratio - vanes
Ey = Modulus of elasticity - vanes

The radius of curvature of the cam is continuously changing, the point of maximum
centrifugal force and maximum pressure force occur near the minimum radius of
curvature on the cam. The worst condition occurs at the 90° point where the centrifugal
force is a minimum, and the pressure force nearly a maximum, and the cam contour
radius of curvature a maximum. The worst condition has been examined.
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Phnax = P1t
where Py = Motor Pressure
t = vane slot width
. (Dh - DV)
Max S = .798 ) Dn X Dy
1-rp 1- rv2
+
Ep E,
Py = 0 to 850 psi
t = ., 156 inch
Dy = 2.064 inch minimum, 2.730 inch maximum
D, = .625 inch.625
E, = 30x108psi
r, = .3
Ey = 4.3x109psi
ry = .3 assumed
Sc = 238 /Py, if Py = 900 psi
S 7150 psion S.P. Vanes

Cmax

This is a safe factor as compared to a compressive strength of 27, 500 psi.

3.4.5 General Equations for the Cam Contour and Centrifugal Forces

The polar equation for the cam contour in a double lobe motor is:

P ab
Va2 sin2 ¢ + b2 Cos? .

where

h -
1]

radial distance from centerline of rotor to point on housing
major radius of ellipse

v
1]
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b

minor radius of ellipse

6

angle at the point in question
The in-slot velocity is given by

2 2
- 53 . (b® - a“)
VS P° w Sin 8 Cos @ ———az )

The cam contours relatiwe acceleration or deceleration is

2 (a2 _ 12 2V
ap Q’M[(A p ':S-(- psa)su'l 2 9 +P3 Cos 2 0]

a2 p2 2

where

a acceleration of rotor (rad/sec?)

For all practical purposes

b

r,. (rotor radius)

a ry +2e
Solutions to the general equations after numerical substitutions are made
are plotted in Figures 3-6 and 3-1.

The predominant force, disregarding pressure forces, is the centrifugal
force acting on the vane. In either design the centrifugal force is considerably larger
than the cam contour normal force.

If no points of inflection, (washboarding) exist on either types of cams,
no vane bounce can theoretically exist for either design. If vane bounce could exist it
would have to be on the discharge portion of the cycle and the in-slot frictional forces
would have to be exceptionally high and variable for slip-stick movement required for
vane bounce.

3.5 PLANETARY TRANSMISSION DESIGN

The planetary transmission was designed on the basis of a rated load of 147 inch
pounds input, a rated speed of 3500 rpm input, and an overall gear train and ball screw
efficiency of 72%. It was desired to maintain the dynamic bending stress below 60, 000
psi under these conditions. Table 3-1 indicates the stall and dynamic forces on the
gear teeth, bending stress under dynamic load, and Hertz stress (compressive stress)
under dynamic rated loads.
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It will be noted that the maximum Hertz stress between the planetary output and
idler gear is 220, 000 psi under rated load. This is the recommended maximum for
good lubrication and long life. The endurance test conditions of one-half load will
reduce this stress to 155, 000 psi which should provide sufficient life with the Hi-T-Lube
on the idler gear.

The planet cage in this design is supported by only one bearing on the output shaft
and the planet gears against the ring gear at the motor end. This floating of the planet
cage permits the planet gears to equally share the motor input torque. The reaction
force from the output gear is then shared by the output bearing and the planet gears.

3.6 BALL SCREW AND BALL SPLINE DESIGN

The ball screw was designed to meet the life requirements for the J-2 actuator
which is seventy-two hours at 1/2 stroke, 1/2 rated load, at 1/2 cps which corresponds
to 1. 45 inches, 11,600 pounds for 130, 000 cycles at 1/2 cps.

It was determined that a 3. 00 inch diameter screw with 0. 281 inch diameter balls
should be used to carry the above loads. The minimum standard lead of the screw for
a 0. 281 inch diameter ball is 0. 400 inch.

For good lubrication, a 0. 281 inch diameter ball is rated at 120 pounds per ball
for a life of 107 impacts. An impact is defined as the number of times per revolution
that a ball will pass one spot on the screw. With a 3. 00 inch diameter screw and 0. 281
inch ball we have a diameter ratio of 10. 6 which will, with the screw being the moving
element, result in 16 impacts per revolution.

Total impacts for seventy-two hours (130, 000 cycles) were calculated as
follows:
Stroke

Cycles x
Lead

x Impacts/Revolution = Total Impacts

1. 45
. 400

130, 000 x x 16 = 7.55 x 108 impacts.

NOTE: Load is reversed, therefore, only one direction is considered.

The load carrying capacity is inversely proportional to the cube root of ratio
of impacts.

3
Load/Ball = Rated Load \/ Rated Impacts
Actual Impacts
107
Load/Ball = 120 3/7.55x106 = 132 pounds
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The nut chosen was a standard configuration with three separate circuits with 2, 5 loaded
turns per circuit. This would permit the following number of balls to share the load:

Turns x Diameter =
Ball Diameter

No. Load Balls

7.5turns x 3 in. w
. 281

250 balls

The actual endurance load per ball would be

Endurance Load = Endurance Load
No. Balls Ball
ﬂ%}b_s_. = 46.5 Ibs. /ball

Prior testing at Bendix using dry film lubricants had indicated that a load safety
factor of 4:1 should be used in comparison to well lubricated ball screw design. In this
case the safety factor is only %2_25 = 2.84:1. This compromise was necessary in

order to build an actuator close to the specification envelope. It was therefore necessary
to develop a better lubrication method during the course of the program, and a component
development program was initiated. See Section 4. 2. 5 for test results.

The ball spline is subjected to an endurance torque as follows:

Endurance Load x Lead
2 m x Screw Efficiency

T = 11,600 Ibs. x 0.400 (lead) = 925 in. lbs. at 1 inch radius

27 x 80% Efficiency

Thirty 0. 281 diameter balls are used and the load per ball is only 30. 8 pounds. In ad-
dition, the impacts would only be two per cycle since the balls are spaced at 0. 437 inch
and they travel one-half of endurance stroke or 0. 725 inch. The load carrying capacity

would be:
/ 107
- Load Per Pall = 120 8 .26x 105 = 338 pounds per ball

which provides a safety factor of —%?)_85— = 11:1 and can be run with no lubrication.

Torque =

3.1 BEARING DESIGN

Bendix has for several years conducted programs for the development of cryogenic
bearings. One of the later developments is the use of retainers made of DuPont SP-1
(Super Polymer). Ball action against the retainer transfers a film of SP-1 to the races
which serves as a lubricant. This type of bearing retainer used with 440C balls and
races was used for all ball bearings.
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The radial bearings used in the motor and transmission are of the split outer
race type to obtain greatest capacity for size. The criteria used for selecting these
bearings was to determine average endurance requirement speed and bearing load based
on actuator rated load. The manufacturers' 500-hour minimum or B10 life load rating
should equal or exceed the rated load at the bearing average speed. Bendix experience
indicates that these bearings should have a life in excess of the 72-hour requirement.
Table 3-2 indicates the bearing loads and ratings used.

The thrust bearing (set 3) on the ball nut were specially designed for this particu-
lar application to meet the available envelope and the bearing manufacturer used the
above criteria for their design and should therefore be capable of meeting the 72-hour
endurance life.

The motor bearings are somewhat owerloaded on the basis of the above design
criteria. These bearings have performed well during tests but on redesign should pro-
bably be increased in rating unless future endurance testing indicates them to be
satisfactory.

500 Hr. Min.
Bearing (D) RPM (D Capacity

P/N Use Load Average @Ave. RPM
2775583 Motor Rotor 330 3060 218 Lbs.
2775581 Planet Bearings 170 1900 170
2775582 Cage Bearing 439 680 1000
2775580 Idler Bearing 690 680 700
2775568 Thrust Bearing 23, 200 218 23, 200

@ Load at Motor Rated Torque 147 in. lbs.

@ Average Endurance RPM 1. 45 in. /sec.

Table 3-2. Bearing Loads and Ratings
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3.8 ACTUATOR STRUCTURAL STIFFNESS

In order to provide an actuator with the minimum effect on total system spring
rate, it was decided to use a target criteria of 6 x 106 Ibs. /in. for the structural spring
rate. Considering an overall length of twenty-three inches and steel with a modulus of
elasticity of 29 x 106 this would mean an average cross section of:

Rate (A)_) x Length (in.)
in.

= Cross Section In. 2

E (psi)
6 .
6 x 10° x 23 in. - 4.75 in. 2
29 x 106

Considerable compromise was necessary, however, in certain areas such as

the rod end, gearing, etc., but wherever possible this cross sectional area was
maintained. See Section 4. 5 for stiffness test results.

3.9 RECIPROCATING BEARING

The specification requires operation with a side load of 5, 000 pounds applied
to the center of gravity of the actuator. Assuming the center of gravity to be halfway
between the reciprocating bearing and the head end of the actuator, the reciprocating
bearing must be capable of withstanding a load of 2, 500 pounds. Rulon LD was selected
as the bearing material to be used. The maximum velocity of the bearing is 3. 3 in. /sec.
or 16. 5 ft. /min. The projected diameter of the bearing is 3. 735 inches and the material

is capable of 20,000 PV factor. The width of bearing material was calculated as follows:

PV = Load (Pounds)

Velocity (ft. /min.
W(in) x Dia, () * velocity (ft. /min.)

1

2500 pounds x 16.5
W x 3.735

20, 000 psi ft. /min.

W = 2500 x 16.5
40,000 x 3.735

W = 0. 554
A width of . 560 was used.
3.10 DYNAMIC SEAL

The dynamic seal requirement was recognized as one of the most difficult con-
sidering the -250°F temperature. Contact was made with ten different seal companies
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and only three offered designs. Of these designs, the Bal Seal was chosen because of
its small cross section and it appeared to be the best seal with respect to sealing capa-
bility. The prime consideration was seal life. A component development test was

initiated early in the actuator development program since this appeared to be a signifi-
cant problem.

The component development on the dynamic seal is covered in Section 4. 4 of this
report. In short, it was found that the outer lip of the seal would collapse the garter
spring expander at approximately -170°F. A new expander was designed which con-

sisted of a solid split ring which was spring loaded axially to keep the outer lip in
contact with the bore.

This new design would seal to -250°F but it was not applied to the actuators since

the design had progressed past the point where the new design could be installed within
available space.

3.11 SNUBBER DESIGN

The snubber must absorb all the energy developed at the actuator in the scram
mode. The energy to be absorbed is comprised of the load and actuator kinetic energy
and the potential energy of the motor. Part of this energy will be dissipated within the
actuator and test stand or vehicle structure and it is apparent then that the snubber
spring will actually not deflect the full 0. 1 inch available. It is anticipated that the
actuator testing will provide the data showing the proportions of the energy absorbed by

structure and the snubber and that the required snubber spring rate will be reduced
accordingly.

The spring material is AMS 5528 or AMS 5644B (17-7 PH plate or forging). This
material was selected for its availability, high stress capability and retention of ductility
at cryogenic temperatures. The maximum spring design stress was set at 300, 000 psi.

3.11.1 Design Calculations

T - Kinetic Energy

Ty, - Kinetic Energy of the Load - In. Lb.

Tp - Kinetic Energy of the Actuator - In. Lb.
m - Mass - lb. sec. 2/in.

VM - Potential Energy of Motor at the Snubber - In. Lb.

Parameters:
Maximum Velocity 3.3 in. /sec.
Load Mass 116. 67 1b. sec? /in.
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Actuator Mass 150. 36 1b. sec. 2/in.
Minimum Actuator Force 42,000 1bs.
Load Friction 0

Actuator Mechanical
Efficiency 80%

Energy Input to Snubber:
1/2 mv2

Kinetic Energy(T)

1400 x 3.32 = 635. 3 in. Ib.
2 x 12

Kinetic Energyof Load (Tp)

Kinetic Energyof Actuator (Ta) = 150 36 x 3.32
2

= 843 in. 1b.

Potential Energy of Motor (Vy):
VM = Force x Distance

Assume torque-speed curve of Motor is Linear then:

VM = :4_2.2_20_90_ x 0.1 = 2100 in. Ib.

Total Energy to be Absorbed:

= Vg + Ty + Ty = 3578.3in. lb.
Required Spring Rate:
The work done in compressing a spring = 1/2 K F2

where K

Spring Rate - 1b. /in.

F

Spring Deflection - inches
Equating work done by spring to energy to be absorbed
1/2KF2 = 3578.3

let F = 0.1

then K = _3;”1%63_"2_ = 705, 660 1b. /in.
0. 01
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Spring Force (P):

To facilitate calculation of spring dimensions and the spring force
atF = 0.1

P = FK = 01x 705660 = 70,566 lbs.
Spring Package Dimensions:

The space available within the actuator dictated the inner and outer
spring diameters. To realize the spring force and deflection within the permissible
stress range it was found necessary to use three springs in series.

To use one spring assembly for snubbing both directions of actuator
travel, a fourth spring is required to maintain the spring assembly contact surfaces in
the necessary positions. However only three springs are active in either direction.
Figure 3-8 shows this arrangement.

Inactive Spring for
Actuator Direction Shown

Figure 3-8. Schematic Diagram of Snubber

Spring Calculations:

Outside Diameter 5. 00 inches
Inside Diameter 3. 750 inches
P - Load - lbs.

E - Modulus of Elasticity 30 x 106 psi
p - Poisson's Ratio . 29

h - Inside Height - inches 0. 050
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F - Deflection - inches 0. 033
E - Thickness - inches

a - One-Half Outside Diameter in Inches
S - Stress - psi

Cy Logarithmic equations,

Cz} values taken from

M Associated Spring Corp. chart

Q - Empirical Form Factor = .95

The Basic Formula (Associated Spring Corporation)

P = K; [(h-F) (h-F/2) E + E3]
S = Ky [C1 (h-F/2) + C2 E]
where Kj = —EF__
(1-p2) Ma2

The spring shape used differed from that used for the standard formula
as follows. The outer spring diameter was machined to cylindrical form and the contact
edges were machined to form a ring contact 0. 030 to 0. 060 wide. A factor Q was ob-

tained experimentally, and may only be considered valid for a spring of the proportions
used.

Since three springs are used in series, each spring must deflect 0. 033
inch for a 70, 566 pound load. These springs will be operating unlubricated.
Find K3

K; = —30x 106 x 0.033

_ 5
0.916 x 0.4 x 6.25 .33 x10

Find E as a function of P

TryE = 0.532

P = X [(h-F)(h-F/2) E + E3] Q
P = 433 x 10° (5.69 x 10-3 x 0.532 + 0.5323) 0.95
P = 63,200 pounds

Find Stress:
$ = K [C1 (-F/2) + C2 E]
S = 4.33 x 105 [1.05 (0.050 - 0.0165) + 1.1 x .532]
S = 268,500 psi
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SECTION IV

EVALUATION OF ACTUATOR AND ITS COMPONENTS

4.1 DEVELOPMENT HISTORY

The Bendix Corporation has for some years been involved in developing electro-
pneumatic actuators for use in extreme environments. Experience has been gained with
torque motors, servo valves, pneumatic motors, bearings, gears, etc. The design and
development of the J-2 actuator made use of this extensive backlog of development. The
past developments used and the additional development effort required is noted for the
various components as follows:

4.1.1 Torque Motor and Servo Valve

Bendix has designed and developed torque motors and also evolved torque
motor designs with many vendors. The low power requirement for this torque motor
(250 mw) was the main problem to overcome.

Several servo valve configurations have been developed for electropneumatic
servo systems. It was necessary to select a configuration best suited to this application
and size the valve to provide the necessary capacity. The greatest problem, however,
was in combining the torque motor and servo valve characteristics to obtain a valve that
would be stable with air, nitrogen, and hydrogen over the wide range of temperatures.

4.1.2 Servo Motor

Pneumatic servo motors of gear and vane types have been developed by
Bendix to operate on various gases from cryogenic temperatures to 1200°F. In this case,
a double lobe vane motor was selected for its low inertia and low weight, realizing that
friction would be a problem with respect to the system deadband. A breadboard motor
was designed, built, and evaluated to aid in sizing the motor for this application.

4.1.3 Ball Screw

Bendix has conducted development programs on ball screws for both cryo-
genic and high temperature applications. With respect to ball screws for cryogenic
temperatures, previous test programs have indicated that the normal well lubricated
load rating should be reduced to 25% for use with known methods of dry-film lubrication.
This much derating would require a larger screw than could be tolerated in the J-2 actu-
ator. The screw selected was derated to 36% and a development program was initiated
at Bendix Products Aerospace Division to provide a better means of lubrication.



4.1.4 Dynamic Seal

. Little background knowledge was available with respect to reciprocating
dynamic seals. Contacts with many seal manufacturers indicated that there was only
one off-the-shelf seal available for this type of application. A development program
was initiated to test the '"Bal" seal for this application. Included in this program was
side load testing of the reciprocating bearing.

4.1.5 Ball Bearings

The Bendix Corporation has gained considerable knowledge with respect to
the use of ball bearings at temperature extremes beyond normal lubricant capabilities.
The cryogenic temperature requirement of this actuator required the use of the Bendix-
developed self-lubricating ball retainer design. The ball retainer is a solid type made
of Du Pont's SP-1 Super Polymer. Ball action against the retainer transfers minute
quantities of SP-1 to the races to provide a dry-lubrication film. Development tests
indicate this material to be far superior to any other method of dry-film lubrication
tested with respect to life and required bearing derating.

4.1.6 Gear Lubrication

Previous development programs have indicated that the best dry-film lubri-
cation for gear teeth for this application is General Magnaplate Corporation's Hi-T-Lube.
The material is a proprietary film composed of gold, silver, and MoSy 0.0003 to 0.0007
inch thick and, in this case, is applied to alternate gears in the system.

4.2 SERVO COMPONENT DEVELOPMENT PROGRAMS

4.2.1 DC Servo Amplifier

4.2.1.1 General Description and Specifications
4.2.1.1.1 General Description. The Model 9513 is a special pur-
pose DC Amplifier assembly designed to sum three separate ground referenced input
signals and drive an external two-wire permanent magnet torque motor. The assembly
consists of a wired rack adapter containing a Model 9552 Voltage Amplifier, a Model

9553 Feedback Board and a Model 9554 Power Booster. Operating power is obtained
from external DC power supplies.

4.2.1.1.2 Specifications. Typical performance at 25°C.
Gain: .014 to .070 amps/volt, adjustable
Gain Stability: +10% of setting
Input: Three single ended summing inputs

Input Impedance: 200K ohms, each input
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Maximum Input: +30 volts, each input
Frequency Response: Figure 4-1

Rated Output: +55 volts peak at 50ma peak
Voltage Limit: +60 volts nominal

Current Limit: +55ma nominal

Output Offset: Adjustable to zero

Output Drift: +.05 ma/hr at constant temperature after
warmup
Ripple & Noise: +.01ma peak to peak

Static Linearity: +5%

Temperature Range:
Operating: +15°C to +35°C
Storage: 0°C to +50°C

Supply Required:
Voltage: +70VDC @100ma peak
-70VDC @100ma peak
Accuracy: 1%
Regulation: +0.1%
Ripple & Noise: 250uv rms
Impedance: 0.1 ohms

Torque Motor: Midwestern Instruments, Inc. Model 39-4
Package:

Type: Half Rack

Size: 3-1/2'Hx 9-1/2" W x 10" D
Connector:

Input: AN3102A-14S-5P

Output: AN3102A-14S-5S

Power Supply: AN3102A-14S-2P

Controls: Gain
Zero

4.2.1.2 Operating Instructions
4.2.1.2.1 Installation. The Model 9513 is designed for relay rack
mounting and is constructed as a half-rack width assembly. The Model 9552 Voltage
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Amplifier, Model 9553 Feedback Board and Model 9554 Power Booster are packaged as
Burr-Brown 1600 Series Plug-In-Modules. Each of these is secured to the rack adapter
frame by means of two knurled captive panel screws. When the Plug-In-Modules are
installed in the rack adapter, it is important that they be located in the correct position.
Damaging power supply potentials may be applied to these units if they are improperly
installed.

4.2.1.2.2 External Connections. External connections from the
signal source, the torque motor coils,and the power supplies are made to pins on the
mating connectors as indicated below:

J6 Input Connector AN3106A-14S-58
Input 1 Pin E
Input 2 PinD
Input 3 Pin C
Signal Common Pin B
Chassis Gnd. Pin A
J4 Output Connector AN3106A-14S-5P
Output to Coil Pin D
Coil Return Pin E
Current Monitor Pin C
Signal Common Pin B
Chassis Gnd. Pin A

J5 Power Supply Connector AN3106A-14S-2S
Positive Supply, +70VDC Pin D
Negative Supply, -70VDC Pin C
Signal Common Pin B
Chassis Gnd. Pin A

The following wiring precautions should be observed
when external connections are made to the source and the load. The input leads should
be shielded to minimize pickup of spurious noise signals. The signal common return
connection should be made to a single point in the external circuit to eliminate possible
ground loops. Signal common should be electrically connected to chassis ground either
at the Model 9513 or at some point in the external circuit.

4.2.1.2.3 Power Supply Requirements. The Model 9513 obtains its
operating power from a pair of power supplies that deliver +70VDC and -70VDC. The
two supplies are connected in series with their junction or center tap electrically con-
nected to signal common, Pin B, on the power supply connector.

4.2.1.2.4 Phase Compensation Modification. The partially connected
phase compensation may be utilized to alter the closed loop amplifier gain characteristics
when the center legs of the four tee networks are connected to common. To perform this
modification, proceed as follows:
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Gain access to the interconnecting wiring between Jg, Js,
Jg, and the 1600 Series Module Sockets by pulling the rear panel of the 9513 rack adapter
clear of the chassis. Connect wire jumpers from pins B, C, D, and E on the socket for
the Model 9553 Feedback Board to signal common. Replace the rear cover.

The amplifier will now have a gain characteristic that is
flat from DC to .15¢ps, falls at 6db/octave from .15cps to 1.5¢ps flat from 1.5¢ps to
2.0cps, then rises 6db/octave from 2.0cps to 20cps and remains flat from 20cps to 80cps
approximately. Should it be desirable to modify these characteristics, refer to manu-
facturer's instruction manual Model 91513, DC Servo Amplifier for compensation compo-
nent location.

4.2.1.2.5 Manufacturer. Burr-Brown Research Corporation, Box
6444, Tucson 16, Arizona.

4,2.1.3 DC Servo Amplifier Dual Power Supply

4.2.1.3.1 General Description. The Model 630 dual DC power sup-
ply is designed to supply two separate regulated DC voltages.

4.2.1.3.2 Specifications
Temperature: Continuous duty at full load from 0° to
55°C ambient
Output Voltage Each Unit: 70VDC adjustable + 1 volt
Rated Current Each Unit: 125ma
Ripple: Less than 0.002 volts rms
Regulation: Load 0.1%, Line 0.05%
Impedance: 0.08 ohms @1 Kc
Supply Voltage: 105-125V, 50 to 400cps single phase
Connector: 11 pin octal plug
External Connections:
AC Output: Pins 1% 2
Output No. 1: Pins 10(+) 9(-)
Output No. 2: Pins 3(+) 4(-)

4.2.1.3.3 Polarity. Outputs are floating. Individual section may be
connected as a separated power supply. Either negative or positive side of one section
may be grounded irrespective of the other section.

4.2.1.3.4 Manufacturer. Acopian Technical Co., 927 Spruce Street,
Easton, Pennsylvania. :
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4.2.1.4 Amplifier And Power Supply Installation. The amplifier and power
supply are mounted and interconnected on a common chassis. The chassis is sized for
a standard 19" relay rack.

4.2.1.5 Amplifier Dynamic Configuration. The amplifiers, as shipped,
have the compensation circuits.

4.2.2 Torque Motor

A comparative evaluation of three torque motors was conducted early in the
program. These motors were: Midwestern Instruments Model 39-4, Servotronics
Model 29-2-32, and a Bendix-developed torque motor modified to meet the requirements
of the J-2 program. Figures 4-3 to 4-10 have been selected as typical performance
characteristics of these torque motors.

Figure 4-2 shows the spring rates of the various torque motors. The Mid-
western torque motor is stiffest with a rate of 52.1 lb/in. while the modified Bendix
motor was softest with a rate of 19.7 1Ib/in. Normally a high spring rate torque motor
is desirable, since this will tend to reduce valve instability.

Performance characteristics of the Servotronics motor, at room temper-
ature, is superior to the Midwestern motor. However, it was found that the lower spring
rate of the Servotronics torque motor made it more difficult to obtain a stable servo
valve and Midwestern torque motors were shipped on both actuators.

4.2.3 Servo Valve
4.2.3.1 Introduction

Figures 4-14 to 4-23 have been selected as typical performance
characteristics which can be expected from the servo valve. Figure 4-11 shows the
servo valve assembly as it was tested. The tubular assemblies bolted to the ends of the
valve body are end caps specially designed to facilitate valve evaluation. Figure 4-12 is
an end view of an experimental end cap showing the location of the spool proximity trans-
ducer and the removable damping chamber orifice. A pressure transducer, or gage, is
normally connected to the capped fitting. The volume of the end cap can be varied by ad-
justing and locking the large screw projecting from the end of the cap. The screw posi-
tions a sealed piston located in the tubular body. Figure 4-13 shows the disassembled
experimental valve.

4.2.3.2 Power Stage

Valve performance was evaluated by placing load orifices in the
valve motor ports, applying a command signal, and observing motor port pressure fluc-
tuations. Proper orifice size selection enables a good approximation of servo valve-
vane motor performance. Additional valuable valve data is obtained if motor port pres-
sure data is recorded with the motor ports blocked and wide open. This information is
shown in Figures 4-14 to 4-17 for an 800 psig nitrogen supply.

(Text continued on page 4-22)
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Figure 4-11. Servo Valve Assembly As Tested.

Figure 4-12. End View Of Experimental End Cap.

Figure 4-13. Exploded View Of Experimental Servo Valve.
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Figures 4-14 to 4-17 show the effect of the valve load upon pressure
gain as evidenced by the decreasing slope from the blocked motor port condition to the
open motor port condition. The curve with the steep slope shown for the blocked port
condition indicates valve hysteresis to be approximately 3.5ma or 3-1/2%. The amount
of slope of the blocked port condition indicates the cutoff characteristics of the valve.

Spool friction and flow forces can be determined from Figure 4-18.
The difference in pressure between the open port and blocked port curve indicates the
effective flow force. The 10 psi pressure differential indicates a maximum flow force
of approximately three pounds. Frictional forces are indicated as hysteresis and these
appear very small.

The flow characteristics of the valve are shown in Figure 4-19 for
various load orifices. The plotted scale is nonlinear due to the nonlinear characteristic
of the transducer. The effect of valve load upon the flow gain is clearly demonstrated
by the changes in slope for the different orifices.

4.2.3.3 Pilot Stage

The pilot stage performance is shown in Figure 4-20. Maximum
available differential pressure, a measure of the ability of the spool to shear contamin-
ation, for the valve was initially 550 to 600 psi, but was later reduced to approximately
300 psi to improve valve stability. Normally only sufficient differential pressure to
overcome friction and flow forces (approximately 12 psi differential pressure, see
Figure 4-18, for this valve) is all that is required to shift the spool. Comparable servo
valves generate only 60 to 110 psi differential pressure. The fact that the valve never
stuck, considering the wear products that passed through the valve when the valve
powered the motor during motor material wear tests, is attributed to the large available
differential pressure generated by the pilot stage.

Some valves have demonstrated a statically unstable phenomenon
arising from manifold losses due to valve flow. Since manifold losses are a function of
spool position, the spool was mechanically locked at null and at approximately 80% stroke
and the effects of spool position on pilot stage performance was observed. No significant
change in pilot stage performance between null, or zero manifold loss, and the 80% stroke
position was noted.

4.2.3.4 Stability Investigation

The stability plot shown in Figure 4-21 is a result of tests using
nitrogen and hydrogen at room temperature with the high gain pilot stage. With nitrogen,
a 0.040 damping chamber orifice, and the damping chamber length set at 1-1/2 inches,
limit cycle oscillations will occur between 50 psig and approximately 190 psig supply
pressure. Above 190 psig the valve is stable on nitrogen. With hydrogen, a 0.015 inch
damping chamber orifice and the damping chamber length set at 1-1/2 inches, limit cycle
oscillations occur between 50 psig supply pressure and 600 psig supply pressure. The
shaded regions of the plot are regions of unacceptable limit cycle oscillation. Note the
shaded portion of the hydrogen plot contains the nitrogen region. Using hydrogen, as

(Text continued on page 4-27)
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Figure 4-21. Stability Plot.




supply gas temperature is lowered, the upper border of the hydrogen plot is expected to
move toward the upper border of the nitrogen limit cycle region. Therefore, if the valve
is stable on hydrogen at room temperature, it will be stable at lower temperatures using
hydrogen.

The damping volume of the servo valve is shown by the dashed line.
The range of the orifice diameter specified in the design is also shown as well as the
nominal and expected supply pressure range.

4.2.3.5 Frequency Response

Figures 4-22 and 4-23 show the frequency response of the servo
valve using room temperature, 800 psig, nitrogen with the Midwestern and Servotronics
torque motors. The frequency response is the ratio of the spool position to the current
input. The spool position was measured with a Bently proximity transducer mounted in
the experimental end caps. The effect of the two torque motors on valve performance is
clearly demonstrated.

4.2.4 Servo Motor Development Tests

The purpose of these development tests was to determine the characteristics
and durability of the breadboard motor design as related to the final design.

4.2.4.1 Description of Parts Tested

The breadboard and final motors were identical with respect to dis-
placement, rotor, and vane configurations. The prime differences were in external con-
figuration. The final design incorporated the interconnecting motor pressure passages
within the two-piece housing rather than using external transfer tubes,and the rear cap
was sealed to prevent leakage to atmosphere. Also, the delivered configuration contains
0.015 inch Rulon sheets cemented to the end caps to prevent damage to the rotor ends
and end caps. The final delivered motor parts are covered by Parts List 2775037 in-
cluded in Appendix A.

Operational characteristics of the two motors should have been
identical except for differing characteristics due to different vane materials. The vanes
in /N 3 motor (delivered in Actuator S/N 1) were made from Du Pont's SP-2 material
and S/N 2 motor (delivered in Actuator S/N 2) used vanes made from Rulon "A'".

4.2.4.2 Test Equipment and Method of Test

Development motor tests were run both at the Bendix Research
Laboratories Division and Bendix Products Aerospace Division. The test equipment and
methods were somewhat different; therefore, both are described.

4.2.4.2.1 Bendix Research Laboratories Division

1. All tests were performed using nitrogen gas at approxi-
mately 40°F, :

4-27



-10J0] anblo], UISISAMPIIN 9YL UM dsuodsay Aouonbaag aATeA OAXSS ‘gZ- 93T

$dJ - XONINdDIUA

0Q1 D1
.002
OUNIO 0€0 "0 WA
el syue], 3uidureq aiqeisnipy
o ew ¢ 'y ¥ reudg ndug
: ( "dwol wooy) uaoxyIN - ssaad A1ddng 18d g0g
. 061 I3
\ apmyrdury
.Set S
| I Iy
00" : \ N = _lot
= | mu g
& MF n / i - m[
] =] ! _ g ..a
[ | ﬂ A
! | / -
2 | g
(2]

,06 s \
\ aseyd i .ﬂ //II

.

wn

1]

qa - IANLI'TdAV

4-28




-002C

A

-0ST

-Sel

-,001

‘DI - ISVHd
e ®
Iy -

o
n
(]

o
o

"I0J0IN 9nbIo, SOTUOTIOAIIS BYT, UM asuodsay £ousnbaa g aarep oarsg ‘gz- omStg

8dO - AONINdDIYA

201110 00 °0 WA — |
syuey, Surdweq siqeisnipy

BW G °p ¥ = [eudis Induy ___Jgy

( -dway, wooy) ueSoniN - aanssaad Addng 1sd 008

,
\
\
\
\
\
,

[

o
- qm. )

// Q
g W .
{I\ s / W{\ T
T~ —
‘ aseyd — IIIII[
e
™~
apmridury

S

S ———

(1] §

ad - IANLITINY

4-29



2. Figure 4-24 is a schematic diagram of the test setup.

3. An 8-channel Sanborn Model 850 Recorder was used to
simultaneously record the following information: Input signal, speed, flow, torque, supply
pressure, P1, and Py.

4. The motor was loaded with a Vickers hydraulic pump.
The load was varied by changing an orifice on the pressure side of the pump.

5. The motors were tested for performance by varying
the load in increments for given values of valve stroke. Continuous recordings of all
data were made on the Sanborn Recorder.

4.2.4.2.2 Bendix Products Aerospace Division

The motor was mounted on a test fixture as shown in
Figure 4-25 which contains a torque sensor and a magnetic brake so that output torque
and speed can be recorded on an X-Y plotting board or read directly. In addition, a
pressure pickup adaptor was installed between the servo valve and motor so that motor
Py and P9 pressures or AP across the motor could be recorded. An orifice type flow-
meter was installed in the gaseous Ng supply line to the motor.

The normal test run at Bendix Products Aerospace Di-
vision was a check of motor pressures, stall torque, and gas flow vs. torque motor cur-
rent over a complete hysteresis loop of +40ma. This permitted evaluation of AP gain,
torque gain and hysteresis, and gas flow for comparison of the various motor and valve
configurations. In addition, a check of ma deadband required to reverse the motor was
taken for comparative evaluation.

4.2.4.3 Summary of Test Results

Figures 4-26 through 4-29 present torque-speed, horsepower, and
specific fuel consumption on the breadboard motor. It will be noted that successive runs
show a marked improvement in torque-speed characteristic through Figure 4-28. How-
ever, there was considerable drop off on run #4, Figure 4-29. The vanes used in the
prototype motor were made from DuPont's SP-1 material with dispersed MoSqg. It was
found that these vanes required considerable run-in to obtain optimum performance and,
if allowed to stand for any length of time, the characteristics would deteriorate and
another run-in was necessary.

Figure 4-30 indicates horsepower and specific fuel consumption vs.
speed for servo motor S/N-3 (servo valve No. 1) at torque motor currents of 20, 30, and
50 ma with nitrogen gas as the servo fluid.

Figure 4-31 indicates torque vs. speed at various torque motor cur-

rents for the same motor-valve combination. Figure 4-32 presents no-load speed vs.
torque motor currents.

(Text continued on page 4-40)
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Figure 4-26. Breadboard Servo Motor Characteristics - First Run.

' Y 1800
] /
J2 - Servo Motor (Breadboard) ! 1700
J2 - Servo Valve 50 M. A. Input
N2 - Room Temperature /
Vanes - SP With MoS2 / 1600
No Lubrication II
1 1500
I
Il 1400
]
1 1300
/
[
] 1200
]
1 1100
Specific Fuel Consumption __ /
/
\\\\"<7 1000
/
1
I' 900
_— Torque /
800
\ /
/l 700
\ /
4 600
A )
“-"J /
Kd V4
" y; 500
R ., d,
: l \<' 400
: 7 - Horsepower
SN R O P
§ [ \ R 300
; \\\‘- St 200
3 \
] i
0 1000 2000 3000 4000 5000
SPEED - RPM

SPECIFIC FUEL CONSUMPTION
LBS/HP HR.

4-33



HORSEPOWER

1
(3

$3

12

4-34

1000

900

800

700

600

500

400

300

200

=]
2]
58 T ]
8 ] J2 - Servo Motor (Breadboard) )
B & J2 - Servo Valve 50 M. A. Input I’
N2 - Room Temperature l
300 Vanes - SP With MoS2 N
No Lubrication )
280 \ f
\ /
/
260 [}
\ ,
240 /
\\ Specific Fuel Consumption I/
/
220 \\ !
\ N
200 7
| Torque \
180 }
/
160 N /
.'00 \ ‘o.". I
140 1
.:. \ $“‘ I
120 ‘,’
100 \ I"
80 :: \ l"l .
'/ ™ . Horsepower
60 ..:. \ ".'o‘
; /
PN /
40 ..' \ / 4”’.
i N N / N [*e
20 14 So L7 N —
i S~ '
0 1000 2000 3000 4000 5000
SPEED - RPM

Figure 4-27. Breadboard Servo Motor Characteristics - Second Run.
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The frequency response of the prototype motor was measured by
comparing motor speed amplitudes at various input signal frequencies to a base estab-
lished at 0.05cps with an amplitude of +10ma. Plots of the amplitude ratio and phase
shift are shown in Figure 4-33.

The effect of various vane materials and lubricants upon motor out-
put power was investigated with the breadboard motor. Results are presented in Figures
4-34 and 4-35.

The fuel consumption for the prototype motor was determined as a
function of current to the valve. Results are shown in Figure 4-36.

The final tests conducted at Bendix Products Aerospace Division on
the prototype motor as shipped on actuator S/N 1 are shown in Figures 4-37 and 4-38.
Motor S/N 3 and servo valve S/N 1 were shipped on this unit with Midwestern torque
motor S/N102. This motor used SP-2 tapered vanes. It should be noted that these
vanes, if allowed to stand for a short period, will on the first check of deadband, require
additional input signal to reverse the motor. In this case, a total deadband of 11.5ma
was required for cycling and, if the unit was allowed to stand for two hours, the first
check of deadband required 22ma. After cycling three minutes, the deadband was re-
duced to 12.5ma.

The final tests conducted on S/N 2 servo motor with servo valve
S/N 2 and torque motor S/N 101 as shipped on S/N 2 actuator are shown in Figures 4-39
and 4-40. This motor used vanes of Rulon "A" which do not contribute any additional
deadband due to an inactive actuator. The deadband was, in this case, 12ma.

The following comparative data was obtained from the latter motor
performance curves:

Item S/N 3 Motor S/N 2 Motor
Quiescent Flow GN, .026 pps .05 pps
Saturation Flow .174-.175 pps .179 pps
Quiescent Pressure 80 psig 100 psig
Deadband (Torque 15 in/lbs) 11.5ma 12ma
AP To Rotate 53-68 psi 75-85 psi
Torque Gain Maximum 7000-7800 in. 1b/amp. 8900-9600 in. 1b/amp.
Saturation Torque (+40ma) 172-190 in. lbs. 188-231 in. lbs.
Torque Hysteresis (+10ma from null) 128-130 in. lbs. 80 in. lbs.
Saturation AP (+40ma) 520-540 psi 453-505 psi

-49
4-40 (Text continued on page 4-49)
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Figure 4-37. Stall Characteristics - Actuator S/N 1 Motor.
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It should be noted that the torque motor used on S/N 2 motor had a
greater hysteresis and the travel was not symmetrical as finally tested which accounts
partially for the lower AP pressures obtained.

The S/N 2 servo valve used on S/N 2 motor was underlapped ap-
proximately 0.002 inch, whereas a slight overlap was used on S/N 1 servo valve on S/N 3
motor. This would account for the higher quiescent flow on S/N 2 motor.

It was found that the deadband could be reduced to as low as 6ma by
using teflon end plates instead of Rulon. This permitted running in with practically no
end clearance on the rotor, thereby reducing cross-port leakage to a minimum. This
gave a Py, Py curve as shown in Figure 4-41. It should be noted that the cross-over of
P and Py pressures is much more abrupt, the quiescent pressure is higher and,even
though considerable hysteresis is shown, the pressure gain is sufficiently high to provide
motor reversal in a total of 6ma. The teflon end plates did not have sufficient wear re-
sistance to maintain this condition for more than thirty minutes of cycling.

Difficulties were experienced with the breadboard and both proto-
type motors with scoring of the original chrome plated end caps and ends of the alumi-
num hardcoated rotors. It was found that cementing 0.015 inch thick Rulon Type LD ma-
terial would prevent scoring and reduce rotor friction. Both prototype motors were re-
worked before delivery. Inspection prior to delivery indicated very minor wear of the
Rulon faces.

Rulon vanes were not available for test until just prior to delivery
of the first actuator. As can be seen by comparing Figures 4-37 and 4-39, the Rulon
vanes indicate less stall torque hysteresis and do not indicate a deadband increase after
a period of inactivity. Rulon vanes were used in S/N 2 motor which was shipped on
S/N 2 actuator.

4.2.4.4 Conclusions

With exception of the large threshold (deadband), the motor oper-
ating characteristics are satisfactory for use in the complete actuator system. The
stall and rated torques, Figures 4-37, 4-39, and 4-31, are slightly lower than desired
values defined in the design analysis section 3.2, but will permit evaluation of the com-
plete actuator system.

The maximum no-load motor speed, Figure 4-32, which was run on
nitrogen gas will run on hydrogen gas at -250°F exceeding the 6950 rpm desired in the
design analysis section 3.2. This excessive speed will not interfere with evaluation of
the actuator. The maximum speed of the motor can be corrected with a speed limiting
control at a later date.

The higher threshold characteristics shown in Figure 4-39 were
reduced to 6.0ma using teflon end plates. Although the teflon end plates did not have
sufficient life for incorporation in the delivered units, there is sufficient evidence to
anticipate a significant reduction in the threshold with additional development effort.
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The life of the vane motor using Rulon vanes was not demonstrated
as they were introduced late in the development effort. The Rulon vanes made a signifi-
cant improvement in the overall actuator performance. It is anticipated that the speci-
fied life requirements may be achieved with the Rulon vanes.

4.2.4.5 Recommendations

As reported at a technical liaison meeting at MSFC early in the de-
velopment of the actuator system, the major problem area associated with the vane
motor is its threshold characteristics. It is recommended that the following additional
development efforts be initiated to improve the threshold characteristics and other per-
formance parameters of the actuator system:

1. Evaluate vane configurations and vane, vane slot, and end plate
materials to reduce the effects of friction on the existing vane motor design.

2. Evaluate overall system compensation techniques to reduce the
effects of motor threshold.

3. Evaluate speed limiting techniques for existing vane motor de-
sign.

4. Initiate the development of a new motor concept with inherent
low resolution characteristics. New motor concepts are now being investigated to utilize
the lower damping, low fuel consumption, and design simplicity of the vane motor with
the resolution characteristics of a gear motor.

4.2.5 Ball Screw Development

The purpose of this development effort was to determine the life of ball
screws using various methods of lubrication at cryogenic temperatures. This data can
then be used to provide life factors for the chosen type of lubrication for future design
efforts.

- 4.2.5.1 Description of Parts Tested
Each of the four test assemblies used consisted of two ball nuts and
a ball screw which was mounted in a test fixture for cycling under load to determine life.

The ball screws tested and those used in the actuator design are compared in the follow-
ing table:
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Item Test Assembly Actuator Design
Material 440C Stainless Steel R 57-60 Latrobe BG-42
Screw Diameter 1.00 3.00
Ball Diameter 0.125 .2812
Ball Material 440C & Titanium Carbide Titanium Carbide
Circuits/Nut 2 (Each Circuit 72 Balls) 3 (Each Circuit 105 Balls)
Loaded Balls/Nut 125 250 '

4.2.5.2 Test Equipment

The test equipment used is shown in Figure 4-42 in which the test
assembly, Figure 4-43, was installed. This fixture was driven from a hydraulic power
source.

Cold tests were performed by enclosing the test assembly section
in an insulated chamber containing a pan of liquid nitrogen which was replenished at
regular intervals. Gaseous nitrogen was then passed through a copper coil located in a
dewar of liquid nitrogen to agitate the liquid in the test chamber. Thermocouples were
attached to the ball nuts and an ambient thermocouple was included in the test chamber.

4.2.5.3 Test Procedure

The endurance tests were run by loading the load end nut with a
pneumatic power cylinder which, in turn, loads the drive end nut by transfer of force
through the ball screw. The ball screw section was then rotated sinusoidally through a
total amplitude of 3 revolutions at 1/2cps. This type of arrangement loads both nuts and,
since no displacement is involved, the drive motor only is required to produce sufficient
torque to overcome friction losses within the two nuts. The load, stroke, and frequency
duplicate the required performance in the actuator.

The preliminary tests and the accelerated life test were run at ap-
proximately the manufacturer's recommendation of 28.8 pounds/ball or 3600 pounds
total load at the cyclic rate and the approximate number of revolutions of the J2 require-
ment. Since life is inversely proportional to the cube of the load, the testing could be
accelerated. The final endurance test was run at a load of 15 pounds/ball as a check on
the results of the accelerated test.

Due to the inertia of the components involved, it was necessary to
shut down the drive and determine friction torque to rotate the screw with a torque
wrench at various intervals during the test. Average efficiency for the two nuts could
be then calculated.

Fixtures were also used to mount each nut and then rotate the
screw against a dead weight load of 50 pounds in an effort to determine differences be-
tween the two nuts. .
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Figure 4-42. Ball Screw Test Setup.

Figure 4-43. Close-up Of Ball Screw Test Assembly.
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4.2.5.4 Summary

Prior to this test, several preliminary tests were run to deter-
mine effectiveness of various methods of lubrication. The use of one teflon ball out of
twelve was determined to be the best method of providing lubrication of the various
methods tried. General data obtained during preliminary testing is included in Section
4.5.2.5 and Table 4-3.

Two separate endurance tests were run to determine the life char-
acteristics of the test ball screw assemblies using teflon ball lubrication. One test was
run with a load per ball of 28.8 pounds (3600 pounds total). The 0.125 diameter balls
used are rated at 28 pounds/ball for a life of 107 impacts with good lubrication. (An
impact is defined as each time a ball passes one point on the nut.)

The accelerated test was run for seven hours and forty minutes
(1.12x 106 impacts) before fixture stall. Three hours of this run was at nut temper-
atures of -110° to -175°F. On disassembly, it was found that the drive end nut con-
tained much more wear debris than the load nut. The teflon balls had picked up a con-
siderable amount of this debris (see Figure 4-44). The drive nut also showed indications
of fatigue breakdown of the races (see Figure 4-45). The balls and nut on the load end
were still in good condition except that the 440 balls in one circuit were blued. See
Table 4-1 and Figure 4-46 for tabulated and plotted data. These same parts, except for
the teflon balls, had been used for four hours and twenty minutes in a prior test. The
total time indicates 1.75 x 106 impacts before material fatigue was encountered.

The second test was run at a load of 1900 pounds or 15 lbs/ball
which was calculated to be the load which would provide life of 7.55 x 106 impacts or the
same number of impacts as required by the J-2 specification. This test was run for
fifty hours and fifty-five minutes or 7.45 x 106 impacts before the drive was stalled. Up
to the failure point, the efficiency of the ball screw did not fall below 85%. The maximum
efficiency was 95% at the start of this test. See Table 4-2 and Figure 4-47 for driving
torque and efficiency of the ball screw during this test.

On disassembly, it was noted that the nuts and screw were in good
condition. The balls in the load end nut had discolored and all but one teflon ball had
been completely worn away. Minor debris had started to build up on the races under the
balls. On the drive nut, one circuit of balls showed no signs of wear debris whereas in
the other circuit the steel balls indicated wear and the teflon balls were worn away.

The parts were all cleaned, new teflon balls were installed in the
load nut, and new balls were installed in the drive nut. The cycling was then restarted
and operated for twenty-one hours and fifty minutes or 3.18 x 106 impacts at 93 to 87%
efficiency before the cycle rig was stalled.

On disassembly, it was found that the races in the ball nuts indi-
cated start of fatigue failure except for the race in the circuit of the drive end nut that

was not sharing the load. Accumulated wear and teflon debris evidently caused stalling
of the test fixture.

(Text continued on page 4-62)
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Figure 4-44. Ball Screw Test Balls.

Figure 4-45. Ball Screw Test Drive Nut.
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Parts Tested: Screw #5
Drive Nut #4 - Titanium Carbide Balls, Every 12th Ball Teflon
Load Nut #1 - 440C Balls, Every 12th Ball Teflon
Prior Testing At 3600 Lbs. Total Load - 4 Hours 20 Minutes

Torque | Average
Time Temperature - °F In. Lbs. | Efficiency
Date | Reading Total Ambient | Drive Nut | Load Nut | (Max.) | (Per Nut)

10-24 3:15 - 9 74 74 - -
3:30 15 84 150 134 - -
10-25 1:20 No Oper. -306 -178 -150 - -

1:50 Start -292 -109 -132 25.2 91.2

2:20 45 -325 -138 -115 23.0 92.0

2:50 75 -320 -157 -125 23.0 92.0

4:15 160 -322 -163 -150 25.2 91.2

4:45 190 -318 -149 -150 25.2% 91.2
4:50 195 -325 -213 -175 - -

*Note Breakaway Torque 34.5 Dropped 25.2 34.5 88.0

10-28 1:20 195 74 87 88 16.0 94.4

1:50 225 76 151 137 16.0 94.4

2:20 255 80 182 167 19.5 93.2

2:50 285 81 203 194 19.5 93.2

3:20 315 84 205 202 17.2 94.0

3:50 345 85 205 203 19.5 93.2

10-29 9:00 345 75 118 08 26.4 90.8

9:30 375 75 172 153 26.4 90.8

10:00 405 5 206 193 24.2 91.6

10:30 435 76 260 216 30.0 89.6

10:55 460 80 289 235 79.0 72.4

Stopped After Cooling 63.0 78.0

Static Load Test (50#) - Drive Nut  45-50 in. oz.
Load Nut 45-48 in. oz.

At Start of Test - Drive Nut 36 in.oz.
Load Nut 38-40 in. oz.

Condition of Parts After Test
Drive Nut - Start of fatigue failure. Contained large quantities of wear debris.
Teflon balls dimpled from contact with load balls.
Load Nut - Races and balls in good condition. Some wear on teflon balls. One
circuit load balls blue from temperature.

Table 4-1. Test Ball Screw Accelerated Endurance Test. Load = 2600 Lbs. (28.8 Lbs/Ball).
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Parts Tested: Screw #4
Drive Nut #2 - 440C Balls, Every 12th Ball Teflon
Load Nut #6 - 440C Balls, Every 12th Ball Teflon

Torque Average
Time (Minutes) Temperature - °F In. Lbs. Efficiency
Date Increment | Total Drive Nut | Load Nut (Max.) (Per Nut)
11-20 0 0 - - 8.1 -
30 30 132 133 - -
20 50 141 138 12.7 91.7
65 115 162 165 11.5 92.4
60 175 170 174 14.4 90.5
60 235 160 170 12.7 91.7
60 295 163 174 12.7 91.7
65 360 165 174 13.8 90.9
11-21 0 360 - - 12.1 92.0
30 390 140 144 15.0 90.2
60 450 169 178 17.2 88.6
60 510 176 191 17.2 86.6
60 570 176 191 16.1 89.4
60 630 179 193 16.1 89.4
60 690 176 190 14.4 90.5
60 750 174 190 17.2 88.6
90 840 175 187 13.2 91.3
30 870 175 186 11.5 92.4
11-22 0 870 - - 14.4 90.5
45 915 154 155 13.8 90.9
60 975 171 183 15.0 90.2
60 1035 182 200 14.4 90.5
240 1275 185 197 12.7 91.7
60 1335 183 193 11.5 92.4
30 1365 179 188 12.7 91.7
11-26 0 1365 - - 13.8 90.9
35 1400 140 142 12.1 92.0
150 1550 187 197 15.0 90.2
90 1640 199 174 16.1 89.4
80 1720 199 205 17.2 88.6
100 1820 201 207 14.4 90.5
60 1880 204 210 15.0 90.2
11-27 0 1880 - - 14.4 90.5
90 1970 191 197 - -
5 2045 200 215 16.7 89.0
105 2150 207 223 15.5 89.8
60 2210 209 214 15.0 90.2
60 2270 213 221 16.1 89.4
120 2390 202 214 17.2 88.7
Table 4-2. Test Ball Screw Accelerated Endurance Test. Load = 1900 Lbs. (28.8 Lbs/Ball).
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Table 4-2 (Continued)

Torque Average
Time (Minutes) Temperature - °F In. Lbs. Efficiency
Date Increment | Total Drive Nut | Load Nut (Max.) (Per Nut)
11-29 0 2390 - - 16.7 89.0
45 2435 172 186 - -
45 2480 195 219 19.5 87.2
90 2570 215 231 18.4 87.9
90 2660 210 2117 17.8 88.3
90 2750 229 241 21.8 85.7
90 2840 222 225 21.8 85.7
12-2 0 2840 - - 20.7 86.4
35 2875 191 185 - -
75 2950 199 209 18.4 - 87.9
90 3040 209 214 15.0 90.2
15 3055 188 210 71.0 53.0

Individual Nut Check - 50#
Drive Nut Load Nut
Start: 0 Time 38-40 in. oz.  37-40 in. oz.
Complete: 3055 Min. 65-90 in. oz.  80-96 in. oz.

Teardown and Inspect:

Drive Nut - One circuit 400 Balls. All well worn. Teflon balls completely worn
out. Nut in good condition after cleaning. Other circuit, it appears
as though the balls were not loaded.

Load Nut - Load balls in good condition. Teflon balls have all but one ball com-
pletely worn away. Nut in good condition. Screw in good condition.

Cleaned all parts. Replaced teflon balls in load nut and all balls in drive nut. Re-
installed on fixture for continued test.

Table 4-2 (Continued)

Torque Average
Time (Minutes) Temperature - °F In. Lbs. Efficiency
Date Increment | Total Drive Nut | Load Nut (Max.) (Per Nut)
12-6 0 0 - - 10.3 93.0
35 35 129 152 - -
15 50 135 157 10.3 93.0
60 110 146 170 12.7 91.7
90 200 159 195 15.0 90.1

Table 4-2. Test Ball Screw Accelerated Endurance Test. Load = 1900 Lbs. (28.8 Lbs/Ball).
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Table 4-2 (Continued)

Torque Average
Time (Minutes) Temperature - °F In. Lbs. Efficiency
Date Increment | Total Drive Nut | Load Nut (Max.) (Per Nut)

12-9 0 200 - - 16.1 89.3

60 260 154 196 18.4 87.7
60 320 168 208 - -
90 410 186 234 - -

60 470 193 242 19.5 87.2

120 590 196 232 17.2 88.7

45 635 200 236 19.5 87.2

12-10 0 635 - - 17.8 88.3
40 675 159 200 - -

90 765 203 253 19.5 - 87.2
240 1005 201 241 - -

60 1065 184 203 12.7 91.7

90 1155 164 180 12.7 91.7

12-11 0 1155 - - 16.1 89.4
60 1215 162 176 - -

60 1275 169 200 19.5 87.2

- 35 1310 177 208 78.0 49.0

Stalled

Individual Nut Check - 50# Load

Drive Nut Load Nut
Start: 0 Time 40 in. oz. 40 in. oz.
Complete: 1310 Min. 53 in. oz. 96 in. oz.

Teardown and Inspect:
Races in both nuts showed signs of metal fatigue failure. The load nut #6 was far
worse and the balls had also failed. The teflon balls of the load nut were in good
condition except for large amounts of wear debris.

The drive nut balls of one circuit were still bright; other circuit blued. Teflon
balls were all in good condition, very little debris.

Table 4-2. Test Ball Screw Accelerated Endurance Test. Load = 1900 Lbs. (28.8 Lbs/Ball).

It should be noted that only three hours of test on the accelerated
endurance test were run at cryogenic temperatures of -175° to -95°F. It is Bendix' ex-
perience, based on past test work on the NERVA program, that, except for possible ef-
fects of brittle materials, wear under room temperature conditions is much more se-
vere than at cryogenic temperatures. The three hours of operation at nut temperatures
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of -110° to -175°F, which is in the range of minimum impact strength for 440C material,
was more than sufficient to check any effect of brittleness.

The titanium carbide balls used in the accelerated test indicated
that more metallic wear debris was formed than with the 440C balls.

The lighter loads of the second endurance test appeared to cause
less metallic wear debris. The greater number of cycles completely wore out the teflon
balls before sufficient debris was accumulated to stall the test fixture.

4,2.5.5 Discussion of Other Methods of Lubrication

Prior to and between the two endurance tests reported, several
other methods of lubrication were tried. These methods, along with general life char-
acteristics, are listed in Table 4-3. Following are observations based on these lubri-
cation tests. :

Dixon Corporation's Flurocarbon Grease 95-1 was tested by apply-
ing a light coating on the screw. A run-in period of forty minutes at 1800 pounds load
was used in an effort to create a film of Flurocarbon on the parts. The excess grease
was then removed and a cycle test at 3600 pounds load was run. Three nuts lubricated
in this manner were tested. Initial stalls were encountered in sixty-six minutes on nut
#9 on the drive end, and ninety minutes for nut #9 on the drive end,and nut #0 on the load
end on the second test. The first test was continued by increasing pressure on the drive
motor for 192 minutes. On disassembly, the lubricant film had been worn through (prob-
ably at the sixty-six minute stall point) and sufficient wear debris had accumulated and
built up on the parts to cause stall. The second test was continued to 132 minutes and,
on disassembly, it was found that the lubricant film was worn through on both nuts, but
only nut #0 on the load end had enough wear debris to cause stall.

Du Pont's SP-1 balls were used interspersed between load balls -
one out of 6 and one out of 12. These balls were oversize by .0003 and could only be run
for four minutes at 3600 pounds before stalling the test fixture. Several tries were made
to wear in the balls and a total of 79 minutes was run at 1800 pounds. Examination of
the parts indicated that SP-1 material would build up on the balls and races and cause
stall. Du Pont has advised that in the presence of oxygen, SP-1 material has poor and
erratic friction coefficients, but does not exhibit these tendencies in nitrogen or hydro-
gen atmosphere. The oversize balls and toughness of the material was very detrimental
to these tests.

Two of Bel-Ray Company's lubricants were tested. These lubri-
cants both deposited MoSg on parts. The coatings could not be made thin enough to pre-
vent a build-up of MoS3 on the balls and races which would stall within twenty minutes of
operation at 1800 pounds load. No operation could be accomplished at 3600 pounds.
MoS3 used on the hard, fine finished surfaces of the ball screw parts would not embed
in the material itself as such lubricants are intended to do.

Rulon CHR Spray (Aerosol Cans) manufactured by the Connecticut
Hard Rubber Company was sprayed on the screw and run in for forty minutes at 1800
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pounds to form a film on the parts. At 3600 pounds, the film broke down in thirty-eight
minutes and the drive was stalled. Parts were cleaned, but the test failed in thirteen
minutes. The balls in drive nut #9 had turned blue.

Rulon balls were also tested using one out of 12 in drive nut #6 and
one out of 6 in load nut #2. These balls were oversize by .002 and the test was stalled in
110 minutes. There was some indication of Rulon build-up on the races after a total run
of 140 minutes. It is felt that high thermal expansion of Rulon may have been the prime
cause for stall.

Two preliminary tests using teflon balls were run prior to endur-
ance testing. The actual results were not better than that of other lubricants tested.
When one teflon out of 6 balls were used, the test fixture stalled in sixty-six minutes.
Disassembly after 180 minutes indicated that two 440C balls had failed - the probable
cause was balls sliding rather than rolling. In the other test, a very light coating of
95-1 Flurocarbon Grease was used on the screw along with one teflon ball out of 12
balls. This combination resulted in excessive amounts of material which stalled in
thirty-five minutes.

It was noted, however, that the teflon balls did form a very light
film of teflon on balls and races. This film did not build up as did SP-1, MoSg, and Rulon.
Excessive teflon deposits could cause trouble if too many teflon balls or additional teflon
were used. The teflon balls tended to pick up minute particles of metallic wear debris.

It should be noted that, without lubrication, a nut was operated for
120 minutes before accumulated wear debris caused the fixture to stall. This indicates
that other dry film-type lubricants, except teflon supplied by the use of one teflon ball
out of 12, actually caused stall in shorter periods of time than running the parts without
lubrication.

4.2.5.6 Conclusions

It can be concluded from these endurance tests that the use of teflon
balls interspersed approximately one out of ten or twelve load balls should provide a lubri-
cation film that will meet the life requirements for the J-2 actuator as it is now designed.

The endurance tests indicated that one teflon ball out of twelve in a
ball screw will provide sufficient lubrication for a life of 7.45 x 106 impacts with a load
of 15 1bs/ball for 0.125 diameter balls. The J2 ball screw is designed for a load of 46.5
lbs/ball whereas these endurance tests indicate that the 0.281 diameter ball lubricated
with teflon balls should be capable of 64 1bs/ball.

The J2 actuator has a further margin in that the Latrobe Steel
BG-42 material used has a minimum hardness of R; 60 whereas the 440C material
tested has a minimum hardness of R¢ 57.

Future designs using this type of lubrication should be based on a
maximum load capacity of 50% of the manufacturer's rated load for well lubricated ball
screw assemblies rather than the 36% used in this design.
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It should be noted that prior testing using various other forms of
lubrication - MoSg, etc. - indicated that the ball screw manufacturer's recommendations
should be derated to 25% to provide equivalent life. The prime difference appears to be
that the teflon balls will form a film on the balls and races to provide lubrication and
keep the film replenished. Teflon itself will not build up on the parts to reduce clear-
ance; therefore, failure will not occur until such time as the teflon balls are completely
worn away and teflon plus metallic wear debris starts to build up on the races or metal
fatigue occurs.

4.2.5.7 Recommendations

The 50% of manufacturer's rated load capability for teflon ball
lubrication, as concluded from this test, requires additional testing to verify this finding
and raise the confidence level in this factor. It is therefore recommended that the J-2
actuator ball screws, as designed, be tested to failure. These ball screws differ greatly
in size and materials which could affect the above factor. The proportionate number of
teflon balls required may, however, need to be increased because of the larger parts.

Consideration should be given to using teflon balls in full compli-
ment ball bearings for cryogenic use.

Rulon balls should also be considered in future test programs.
These balls should be .001 to .002 smaller than the load balls.

Titanium carbide balls, used in an dccelerated test, indicated
greater wear of races because of the larger amount of wear debris. Comparative tests
should be run between 440C and titanium carbide balls.

4.2.6 Linear Motion Potentiometer

Five potentiometers manufactured by the Markite Corporation were tested
but only one unit was subjected to the vibration test.

This potentiometer is of the infinite resolution type, having dual elements
and center taps. :

Mechanical Stroke 3.5 £ .020 inches
Electrical Stroke 3.15 inches minimum

The following are the results of these tests:

4.2.6.1 Mechanical Stroke

Serial No. Actual Stroke (Inches) Serial No. Actual Stroke (Inches)
4AT0 3.485 3AZ205 3.472
3AZ204 3.497 3AZ206 3.490
3AZ207 3.479

4-65



Potentiometer, S/N 3AZ205, stroke was .008 inch less than the
minimum specified; however, the available stroke is more than sufficient for use in the
NV-B1 and is therefore acceptable.

The output shaft seized solid at cryogenic temperatures. This
condition was overcome by increasing the bore diameter of a teflon bushing by 0.006
inch. This provided for the differential coefficient of thermal expansion of the output
shaft and the bushing.

4,2,6.2 Element Resistance

The value of the protective resistance and the element resistance
is shown in the following table:

Terminals S/N 3AZ206 S/N 3AZ204 S/N 3AZ205 S/N 3AZ207

B-D 5149 5580 538Q 6879
H-F 499 544 512 503
A-C 2289 2045 2191 2069
E-G 2308 2138 2147 1983

4.2.6.3 Linearity and Electrical Stroke
4,2.6.3.1 Electrical Stroke

Each potentiometer satisfied the 3.15 inch minimum
electrical stroke requirement, and was in fact equal to the mechanical stroke.

4.2.6.3.2 Linearity

The linearity was within the specified range at both room
and cryogenic temperatures. Typical data is shown in Figures 4-48 and 4-49 which are
room temperature and cryogenic tests respectively.

The most noticeable difference between the plots is the
increase in hysteresis from .02V maximum at room temperature to .08V at -300°F.

4.2.6.4 Wiper Continuity

The potentiometers were tested for continuity at -260°F with a 25K
ohm resistive load on each element. Potentiometers S/N 3AZ204 and S/N 3AZ205 gave
a continuous output throughout the total stroke from each element.

S/N 4A"0 gave a discontinuous output on Terminals B-D over a
2-volt travel range. The signal became continuous after 3 cycles, but would become
discontinuous after a 20-minute time interval. Increasing the load from 25K to 100K
ohms reduced amplitude of the discontinuity.
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S/N 3AZ206 gave a discontinuous output on Terminals F-H at one
point only, this condition was not repeatable.

S/N 3AZ207 gave a discontinuous output on Terminals F-H at three
positions, this condition was repeatable.

4.2.6.5 Vibration

The potentiometer, S/N 3AZ207, failed to pass the first vibration
test, both elements breaking continuity in each of three vibration axes.

The method of locating the potentiometer in the housing was modi-
fied to permit support at both ends and also to ensure full engagement of the connector.

The modified assembly was subjected to the vibration test and no
discontinuities were observed.

4,2,6.6 Conclusions
The potentiometers will satisfy the initial requirements of the
NV-Bl1 actuator but further tests are required, particularly the cryogenic wiper continu-
ity tests before recommendations for flight hardware can be made.

4.3 DYNAMIC TEST OF ACTUATOR ASSEMBLY

4.3.1 Test Fixture

Bendix designed a walking beam engine simulator fixture in order to test
the actuator under an inertia load of 1400 slugs and a friction load of 7300 pounds. This
fixture is shown in Figure 4-50. As designed, a cantilever beam from a floor mounted
pedestal was calculated to simulate the combined spring rate of the vehicle and engine of
391,000 1bs/in. The head end of the actuator was mounted to this spring with the rod end
connected to the walking beam. Tests indicated, however, that other structural spring
rates within the fixture lowered the overall effective rate to the point that resonance oc-
curred at 4cps; with a spring rate of 391,000 lbs/in. resonance should not have occurred
before 9.2¢ps. Design modifications were conducted which raised the spring rate of the
beam support shaft. The actuator was then mounted between a hard support and the beam.
A more complete description of the load fixture is given in section 4.3.2.9 titled, ""Dis-
cussion Of Results."

As will be noted in Figure 4-50, a strain gage has been mounted on the rod
end attaching clevis to record actuator output force. A similar strain gage is mounted
on the connecting rod between the walking beam and brake arm. A linear potentiometer
is attached to the right end of the walking beam to record inertia travel. The position
indicator section of the actuator feedback potentiometer was used to record actuator po-
sition.

Friction load was provided by regulated hydraulic pressure to the nonservo
brake.
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A hydraulic load cylinder was solid mounted in an identical position to the
actuator on the right end of the beam to provide the rated load of 23,200 pounds. This
cylinder was a double shaft cylinder (equal area each end) with interconnecting plumbing
so that a relief valve setting would produce the same resistive load in each direction.
The cylinder could also be connected to a hydraulic supply to load the actuator in each
direction.

4.3.2 Control System Open and Closed Loop Testing

The following describes the pneumatic and electrical systems, test proce-
dures, load fixture and control system instrumentation, and presents a summary of the
tests, forcing functions, test results, and the corresponding test data.

4.3.2.1 Pneumatic System

The pneumatic system schematic for both room temperature and
low temperature testing is shown in Figure 4-51.

The three-way electrically controlled ball valve permits operation
of the control system on either room temperature hydrogen or nitrogen by actuating a
switch remotely located from the test cell. To facilitate rapid shutdown of the control
system servo pressure should an emergency arise, an electrically controlled ball valve
remotely actuated was placed in the servo supply line. Both hydrogen and nitrogen
supply pressures were remotely adjustable.

To prevent foreign material within the gas lines from entering the
actuator, two-micron filters were used in both the hydrogen and nitrogen supply lines in
addition to one in the servo supply line.

Low temperature hydrogen gas was obtained by passing ambient
temperature hydrogen gas through a liquid nitrogen cooled heat exchanger. The temper-
ature of the servo gas was set by controlling the boil off temperature of the liquid nitro-
gen by regulating the pressure within the nitrogen chamber.

The low temperature servo supply pressure was regulated upstream
of the heat exchanger where ambient temperature gas entered. The temperature of the
servo gas was measured downstream of the heat exchanger. The temperature drop from
the heat exchanger to the actuator servo inlet was not significant.

A five-micron filter was used upstream of the heat exchanger and a
two-micron cryogenic filter was used downstream.

To measure gas flow, a Daniel sharp edged-orifice flow meter was
placed in the servo supply line.

4.3.2.2 Control System Wiring

The control system wiring diagram is shown in Figure 4-52.
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The torque motor and potentiometers are terminated at their con-
nectors according to the specification.

The servo amplifier consists of two units, the amplifier proper and
a dual 70VDC power supply, both of which are mounted on a common chassis. Supply
power to the whole unit was applied through the connector mounted on the common chas-
sis and labeled 115V, 60 cps. Connections for torque motor current, amplifier power,
and input signals were made through connectors labeled J4, J5, and J6 respectively.

The amplifier has three separate ground referenced inputs avail-
able on terminals "'C, D, and E" of connector J6. Terminal "B" is signal common. The
actuator position error was connected to terminals ""B'" and ""C'" with the command po-
tentiometer wiper connected to '"B'"" or signal common. The function generator was con-
nected to terminals ""B'"' and ""D'"" and the spare input terminal "E'" was connected to sig-
nal common.

Amplifier output current was applied to the torque motor through
terminals "D" and "E" of connector J4 and a one ohm instrumentation resistor. When
load inertia acceleration and actuator velocity with a constant load as a function of tor-
que motor current were desired, an additional one hundred ohm and decade resistor net-
work was placed in the circuit. All connections to the torque motor circuit were un-
grounded as is necessary. Terminal '"D" of connector J4 is connected to terminal ""A"
of the torque motor connector.

The 5K ohm command potentiometer and the dual element actuator
potentiometer were energized with 60VDC ungrounded regulated power supplies.

The only ground available in the system is the wiper of the command
potentiometer which connects to signal common.

4.3.2.3 Load Fixture Instrumentation

The schematic of the load fixture and its associated instrumentation
and their placement is shown in Figure 4-53.

5’ /’«)-!

ACCELEROMETER \

ACTUATOR FORCE,
STRAIN GAGE

ACTUATOR CONSTANT LOAD
! MHYORAULIC PISTON

INERT /A
AOSITION
rOT

LOAD £RICTION
STRPA/N GAGE

o
LOAD FRICTION
BRAKE

[0

Figure 4-53. Load Fixture And Instrumentation Schematic.
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The load fixture was instrumented to provide load inertia acceler-
ation, load inertia position, load friction force, and actuator force. The accelerometer
was placed at a location six times further removed from the beam pivot than the actu-
tor attach point to improve its resolution. The load friction force was determined by
measuring the elongation of its connecting rod with a strain gage and calibrating this
with respect to the force generated at the actuator attach point. The load inertia posi-
tion was determined by measuring the displacement of a fixed point on the beam with re-
spect to the beam supporting structure by means of a potentiometer and calibrating this
with respect to the displacement of the actuator attach point. The constant force gener-
ated by the hydraulic piston was measured at the actuator attach point with a strain gage.

The load friction force, load inertia acceleration, and actuator
force signals were fed into a Consolidated Engineering carrier and amplifier system and
converted to DC signals for recording purposes.

4.3.2.4 Control System Instrumentation
The control system instrumentation is shown in Figure 4-52.

The control system was instrumented to provide visual readout of
torque motor current and actuator position, and for recording purposes,actuator position,
actuator dynamic forcing function, actuator position error, and torque motor current.
The actuator position error was provided for diagnostic purposes should the control sys-
tem fail to perform as expected. The control system was also instrumented to provide
steady-state command and actuator position through a D.P.D.T. switch for determining
the closed loop position calibration of the control system.

Visual readout of torque motor current was obtained by measuring
the voltage drop across a one ohm resistor in series with the torque motor and cali-
brating the meter in milliamperes. Visual readout of actuator position was obtained by
measuring the voltage from the spare element of the actuator dual element potentiometer
and calibrating the meter in inches.

Pertinent connections throughout the control system were made to
provide voltages corresponding to actuator position error, actuator position, and actuator
dynamic forcing function. For measuring the torque motor current, the voltage drop
across a one hundred ohm resistor in series with a parallel combination of the torque
motor and a decade resistor was measured. Since the amplifier is essentially a current
source, the voltage drop across the one hundred ohm resistor will remain the same for
any value of decade resistance. Thus, this voltage only indicated initiation and level of
the amplifier output current,not the current supplied to the torque motor.

The current to the torque motor for a given value of decade resist-
ance when the amplifier was saturated was determined prior to any actuator testing.

4.3.2.5 Test Procedure

For all tests, the servo supply pressure was maintained at 800 psig.
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Figure 4-55. Test Load Fixture Configuration.
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The command potentiometer was used to establish the nominal
operating position of the actuator about which dynamic data was taken.

All dynamic forcing functions were supplied from a Hewlett Packard
Model 202A function generator. The amplitude, frequency, and wave form were set ac-
cording to the actuator specification.

When the actuator velocity with a constant load and the load inertia
acceleration both as a function of torque motor current were desired, the maximum
torque motor current was set previous to the test by adjusting the decade resistor in
parallel with the torque motor. The control system was left in the closed loop configur-
ation and a step input signal which would exceed that required to saturate the amplifier
was applied at the amplifier input. The signal input was limited to less than full stroke
to prevent excessive pounding of the snubbers.

For all other tests, the resistive network was removed.

To evaluate snubbing, the control system was left in the closed
loop configuration and a step input signal was applied at the amplifier input. The magni-
tude of the step was such that the total command was larger than that required for full
stroke by an amount necessary to saturate the torque motor, and of such duration as to
allow maximum actuator velocity to be attained prior to snubbing.

The force generated by the constant load hydraulic piston and the
load friction brake was set by applying a constant hydraulic pressure to each. The hy-
draulic pressure supplied to the brake was applied to the brake shoe actuating piston.

4.3.2.6 Data Recording

All dynamic data except for gas consumption were recorded on 2
Model 150 four Channel Sanborn Recorder. In summary, the signals available were dy-
namic forcing function, actuator position, actuator position error, actuator force, load
inertia position, load inertia acceleration, load friction force, and torque motor current.

Steady-state actuator position versus command input were read
from a Model 3500 Electro Instruments Digital Voltmeter and tabulated.

Both static and dynamic gas consumption were read visually on a
Daniel sharp edged-orifice flow meter and tabulated. The dynamic flow varied from a
maximum in one actuator direction and back to a minimum and then to a maximum again
when the actuator moved in the opposite direction and back to a minimum again. The
peak readings were read and recorded. The minimums were assumed to correspond to
the static reading.

4.3.2.7 Closed Loop Performance

Table 4-4 is a summary of the closed loop performance of actu-
ators S/N-1 and S/N-2 except for snubbing which is tabulated here for convenience.
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Figures 4-58 through 4-61 are the Bode plots of the closed loop
frequency responses of actuators S/N-1 and S/N-2.

Figure 4-62 is a no-load closed position calibration curve of
actuator S/N-2.

All performance data figures are for actuator S/N-2 unless other-
wise noted.

Figures 4-67 through 4-87 are actuators S/N-1 and S/N-2 closed
loop performance data from which the values for Table 4-4 and Figures 4-58 through
4-61 were obtained.

4.3.2.8 Open Loop Performance

Figures 4-63 and 4-64 are the acceleration characteristics of
actuator S/N-2 with an inertia load and room temperature hydrogen and nitrogen gas
respectively.

Figures 4-65 and 4-66 are the constant load velocity characteristics
of actuator S/N-2 with room temperature hydrogen and nitrogen gas respectively.

Figures 4-88 through 4-90 are the open loop performance data of
actuator S/N-2 from which the values for Figures 4-63 through 4-66 were obtained.

Figure 4-91 is the open loop snubbing data from which the values
under snubbing of Table 4-4 were obtained.

4.3.2.9 Discussion Of Results

The control system was evaluated for two load conditions: spring
rate, inertia, and load friction; and spring rate, inertia, and no-load friction. Since the
performance of the control system is dependent on both the control and the load dynamics
and, since the load fixture did not conform exactly to the specifications, an analytical and
an experimental definition taken simultaneously with the performance data was deemed
necessary.

The experimental load fixture data for no-load friction was taken
from the frequency response data and plotted as shown in Figure 4-56. An analytical
description was evolved and also plotted in the same figure for comparison. The experi-
mental load fixture data with load friction condition was taken from the frequency re-
sponse data and plotted as shown in Figure 4-57. Because the load fixture friction brake
force did not remain constant, and the brake developed deadband during testing, an ana-
lytical description was not attempted. Instead an analog computer description obtained
from a preliminary control system analysis with the specified load was plotted in the
same figure for comparison.

(Text continued on page 4-116)
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Figure 4-63. Actuator S/N 2 Acceleration (Using Ho).
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Figure 4-68. Actuator Closed Loop Frequency Response.



-l-wl‘llﬂ

pe
ﬁmE
==

Bl
EiEEE ﬁ“ﬁ*ﬁﬁ ﬁ
2 i i EEE

£=70

f=90

(s2t0m1) (s7mon) (s7w2M 1) (sannog)
LPdN/ NOILISOd 20LELOY NO/LISOD WILAIN/ DONOS NC/LDIF S

@ 800 rs/6

~Z70F HYDROGEN GAS

WITH LOAD £ L/CT70N

Figure 4-69. Actuator Closed Loop Frequency Response.

4-93



B
i mm'ﬁmm EEEF&EEEH
‘%%%@%EW-EEEB“@EEEE
i i AR 22 2 G S
e I gamu

i i
] iiiﬁiﬁliﬂl’nlllﬂlllﬂﬁlﬂ
‘iﬁllllllllllliﬂllﬁllli-‘ I
“';I.l!!!ll_l!!!iﬁ!lﬂlﬁﬂllw I
ﬂi

00!
0.0

oor

001!

0.0

0.01
0.00475

ik ;

fﬂlllﬁ!ﬂ!ﬁ! I i

N
S g

($3HINY) (SaNINI) (s7mony) s
LINI NOILiSCd ACLYNLOE NOILISCA VL2 SIS AOIWIL

4-94

—| 625 sec P

" be25 e,

b 520 sec.

re— /0 s6C.

VELOCITY

AMAXIMMUA

STAT/IC
PESOLUTION

DOYNAMIC
RESOLUTION

TEANSIENT RESPONSE

=270 °F HYDROGEN GAS @800 PSIG

NO LORD FRICTION

Figure 4-70. Actuator Closed Loop Performance.




9
p
N
Q
b
N~
N
¥
\: .
e | 92’
3]
a,
o
. s
- G
N =]
" Q g
3 g
)
3 o
? 5
N g
h h L%
- vy
£ 3 -
" Qa o
:g '§
Y
8 S
Rt (&)
St
S
Q
3
A Q
-
—t
5
-
%:’
) e
v
%
QO
o
Q
"
'S
;
¢
3
Q
N
i

(Satomy) (s3mIny) (S3mON) (sannoa)
LNy NOILISOd JOLYrILIY NOLLISOF WILSTN! IOH0S FOLENILIY

4-95



gt I e s

!Hllﬂ'!.ﬁ"' “EIilﬂ!ﬂllllﬂl-Hﬂiﬂﬂi‘ﬂlllkknlﬂ
AR ERIRI i
i E

£l . i
e e
mm-ﬁgﬁg E

; i T
9 o w b Q 3 N
S ]
3 © S S © © S
(satonmy) (s3mON0) (SFMON)
LDINY N LSO YOLyrily NOIL/SOd WILIIN!

4-96

(sanroo )
AH0S ALYV

f=/2

=70

£=80

f=r¢

~270°F HYDPOGEN GAS @ 800 Psis

NO LOADL FER/CT/oN

e 4-72. Actuator Closed Loop Frequency Response.




=4

FIEYNIAY LON Vivd

*9OUBWLIONI9d dOOT pPasol) I0yenidy “gL-F 9Jn3rg

NOILDITA THOT HLIM

oSS WP @ SV NI0IGAH LT

NOILNTOSTZ NOILNTOSIY
ALIDOTIN WIIIY/ 0V 2/LULS N PNAG
uAl VISCT > . e 235 05

FSNOISTY  ANJISNETL

b 9l 04 IFSFS

pe~27507+

D
1
5
33
~ yor w~

3
.8
-0 &g
Iy
- o/ m
3
N Y
- 33
T PN

1
U
_ o= &
L800 3
i)
z
3
o0 €
53
Ma
L3
RV 72BN
o
2

~ 00

(s770N1)
LrdM

4-97




5
¢c
005 =

(samony)
NOILISO XClWrLoy

=50

= 4.0

£

fr3.0

=20

LT, HYOROSEN GAS @ 800 ps/6
WITH LORD FRICTION

Figure 4-74. Actuator Closed Loop Frequency Response.

FREQUEMCY FT0.5 ¢.AS.

1Ok
c.0

FIXOS NOILI ST

NOILISOS VILATIN/



‘asuodsay Aouanbaag doorT pasol) I0yENOY ‘G- 8an3Lg

MNOILIYS QUOT HLM

O/SA 008 @ S¥O NI0ITAN L'

xo/
%%

xo/

£00

o0

L00

500

so0

oo

Gaonnod)
FOHOS NOdS S

(s3HIN )
NOILISOL WILITNI

FHONL)

(s
NOILISOd S0LYNLOY

('S_?HDA//)

LBrIN

4-99




0.0/

0.01
0.0

i S
run:-mnmﬂmum
1 R 2
lllliﬁ_lﬁﬂlllmllllllﬁ i
H-!EIIIIIIIHIHMIH
i S

ﬁmlx- i
=

i
lllllllll IlII!IH!I!H!‘!IIH!IIIIllllllllilllll
!I'llllll lIII!HIHiI‘éi i III it
)
!lllllﬂl lld'llllllﬁﬁllﬁﬂlllmlll
[l R
(i i b

(s21oM7)
LTINS

4-100

S

i

ik i
lﬁﬂml‘llllmmllllll
ll.l'ﬂlllllﬂlllllllggigﬂmﬁ%
it %gﬁm L

(s2r0p1)
NOILISOS IOLOI?LDY

(s5mom2)
NOIL1SOA YILAIING

it

=
=

NERERNARERLAC
Erczaae

St
o

==

(saaroy)
PIFAT FOUKILOW

0,25 SEC b

lezs sece

s —l e e
les0scc~

Ferosec =

ALRXIMUM VELOCITY

STATIC
PESOLLTION

DYNAAMIC
RESOLUTION

TRAINSIENT . PESPONSE

BT HYDEOGEN GAS @ P00 Ps/G

NO LORD FRICTION

Figure 4-76. Actuator Closed Loop Performance.



(S240Mr )
LrdN/

{L‘:J.»’,':),v )
NO/LISOL YL 2L

SIS

ANCIL IS LA TN

LIZANOS)
PO AT AL

470

f=90

1.0 C.PS,

FPEQUENCY F

BT HWYOPOGEN 645 @& S00 Psis

NO LORD FE/CT/ON

Figure 4-77. Actuator Closed Loop Frequency Response.

4-101



i
Q v Q Q \y 'y
3 3 8 b S N 3
Y AN
(sm010m0) (SamIN7) (szmone) (sanvnoa)
LNIN/ NOILISOS FOLENLOY NOILISQel VLT TDACY FOLONLOY

4-102

f=2.C

BT HYDEOSEN GAS @ 800D PSI&

NO LORD FEICTION

Figure 4-78. Actuator Closed Loop Frequency Response.



‘9ourwIOI9J dooT pasoI) J0YeNIOY ‘gL~ oanSrg

NO/LIIFY CUOT HLim

O/5e 00 SUD NIFOCILIN L
@

NOILNISTY NOILPTOSFY
ALIDOTZNA W IXELY JI/LYLS DIWENLT
- 07552 03505 >4

ISNCAETY LNFISNESL

pa D750/

190
89-t 9/7 ot FIA33

JIEG NN LoN Yied '

10?

liz4

(sannod)
F 207 NOLLIIZ S

(S570N7)
NO/LISOL WILITIN/

(s7Hon7)
NO/ILISOS JOLYILIY

(E5H N )

Pl

4-103




4-104

B E A
-Eﬂﬂﬁﬂﬁlﬂﬂ

i

PRy ﬁﬁﬂmﬂ@ﬁlﬂ-iﬁﬂmﬂﬂﬂ

G ] R et I G e E
i E}Hlﬂﬂ= %
A e O

(SFmon st}
LTINS

SR e S s
At O

1 O 1
i iiil!llﬂlimllﬂ"ﬂﬁiﬂﬁilﬁlmﬂl-Iﬁﬁ
1 5 B -ﬁﬂi

(5 7#0NE) CErED)
NSO FOLYTLOY NIy FLAFN

f:32.0

Frz.0o

© BT MITBOGEN

@ 8o Fsi6

GAS

AITH LCAD FRICT/ION

Figure 4-80. Actuator Closed Loop Frequency Response.



‘asuodsay Aousnbaag doo pasor) I03en}OY ‘18- oanSig

NOILIIYS OVOT HLIM

&/Se 008 B $¥VO NIS0ILIN LF

so00

500

£00

s00

oo

(sonvnag)
FO207 NOILIIZS

(s2rmony)
NOILISOL WILIFIN/

(SaHNL)

NOILISOd JOLYILOY

(sarony

LOAINI

4-105



e
e
T
T

o
T

Sl ﬁ 2 A R
= ilmmam'm-mmmmmm :
_lIIiiiiﬁiilillllﬂlhillﬁiﬁlii‘éﬁlﬂ!mlmﬂ mummuﬁmm
ot S ) B O 15 jihas
I %ﬁﬁﬁﬂ: 0 b
BRI i R : gl
il m.lmmnnmmmmm I
ﬁ!l‘ﬂkmﬁlﬂﬁiﬁﬂﬁﬂmﬂ!ﬂ : i
i R e
-ﬁﬁﬁmﬁﬁ%ﬁ%ﬁﬂﬁ- A e OB B
P i} A O i R IR

[ s A T R 1
S

I e e
Illﬂ Rt

-,iii
-iiﬂ‘lll e

L 1 e o
d o mmmummz iiil: s i e e e
L mamum I A
T e I Ei -mm; 1 O
i umammlm i mmmummaggmnm Y
g;nmrum ,n muum;: I
e % 'mﬁ‘?ﬁ%%%ﬁmuﬁ- :
;;Ia;ﬂrnmmm mmmnmm&lg; %Eﬁ"“%‘ﬁﬂiﬁﬁ%%ﬂﬂfﬁﬁﬁ%
- iiillhl{lh %mmmmummmm umim S
i T it
5 o N
S ° ¢
(S74n 1) (74 2m0) (e v ) o)

4-106

NLISCT FOLY LI

<

— p2556c -

b 25 52C. |

b 0 s6C.

VELOCITY

ALAX! MUM

STATIC
RESOLUTION

DOYNAMIC
LESOLUTION

TEANSIENT RPESFPONSE

BT NITROGEN GAS @ 800 Ps/c

NC  LOAL FE/ICT/ION

Figure 4-82. Actuator Closed Loop Performance.



‘asuodsay Aousnbaag door pasor) Joyenjoy ‘gg-p 9.mIrg

NOILIN XS OO OV

Sd 008 ® SO NIDOILIN LI

Sqg oot

—

F AININOPT

- S500

247

g

$O0

4-107

(sevroq)
FOAO FOLEIUDY

(seron)
NOIL/SOL &I LIIN/

X7 )

NO/IL/SOd ZOLY2LDY

(somony
LN/




f=/2

N
~
"
Q
x
n
4
Q
LY
n
S
Q
N
"
e
L
1
\ l y “ \ Y 9 X
2y Q 3 9 N Q 3 N]
S N Q S o
g o g N S N < S X ~
(sam3mvy) (sawong) (samonr) (sannod)
L7AIN! NOILISOT JOLYNLOY NOILISOS bILIIN/ FOIAY FOU¥PLOY

4-108

£T mrRoseEn Gas @ 800 RS/G

NO LORD FRICTION

e 4-84. Actuator Closed Loop Frequency Response.



oag7

0.0

(&35 7)
LOAINY

a0/
ao
0.0/

0087

S
S

(s9moms)
NOILISCo QOLYIILOY

0.00475
0.0
0.00475

COBT-

o
S

(S7HIN])
NOILISOS &/LAITN/

1Ok

U
o ¥
3 R

(STNPO )
SO0 FOLYNILIE

e z5 sEC, e

—| 20SEC He—

be-£0SEC. ~+

STATIC RESOLUTION

DYNAAMIC FPESOLUTION

TRANSIENT RESPONSE

ACTUATOE 5//\/ ~/

£7. HYDROSEN GAS @800 PSIG

NO LOAD FEICT/ON

Figure 4-85. Actuator Closed Loop Performance.

4-109



4-110

W
d

0.0

(samwony)
LGN

oas

NOILISOT JOLYNLOY

i e O o L G U
i i S
N e T R

Q 9 YW o 9 o
N ] S S § S
(s30oM7) (s3mon1) (s‘awna/)

NOILISOS YILITN/ FIFOF FOLYNLOY

f=5.0

f-40

30

=20

£

f=r0

FEEQUENCY = 0.5

ACTURTOR S/n~/

@ 800 PSIG

BT HYOFOGEN GRS

MO LOAL FERICTION

Figure 4-86. Actuator Closed Loop Frequency Response.



‘asuodsay Aousnbaxg door pasor) Ioyenjoy

NCILIIdS THOT ON
9/8d 008 @ SS9 NIFD0FTAH LY

/- N FOLONLOV

"L8-% 9an31g

Yo

2o/

$00
oo

s00

£00

£00

500

<00

(sownod)
DoAO0S AOLE/ILIY

(s3M0M7)
NOILISOS VILIINI

)

(834>
NOILLISOS JOLYNLOY

(s3H0M1)
LNINI

4-111



"UOT}RID[DI0Y BILIAU] PEOT °"88-§ 9an3Tg

NOILOIFS GUOT HLIM -

O/Sd QOB D SED NIFIOITAH LA NS OO8 @ SV9 NISOILIN LY

o i o€ 1 o2 ¢ o¥ 3 Of 1
o278 07 -
. o

b OAS 0/ ) . ; , - 59501 » _ h-02S 0/ M

i

(3arvnoa)
22307 FOLINLOY

(9xs6)
NOILKAZYZO0) WILIZN/

(sowom)
NO/ILISOd FOLYNLOY

4NN/

(s3a9d W1 W)

4-112




ot ¥
Tlvmw 07+

*£J10019 A J0YENIOY ‘68-§ 2mSTA

F2FOS OVOT LNVLSNOD HLIM

IS 0RO SV NIV0ITAH LY

(on)
- W ANTZ2NO
Of F z AOLOW 310201

€ S‘d/vood)
FII0T o7

(9x56)
NOILEIFTIOON YILAIN

(s3m2/02)
NOILISOS JOLYNILIY

LNAN!

(s3230M8171710%)

4-113




*A119019 A I07ENIOY "06-F 9MSTd

QU7 IFOH0S ANVLSNOD HLIM

9ISd WE@ SY9 NIALIN L'd

y [{L2)
#e NIXEND
DMH QN+.. L..N Nnugh\a\ek

L vFsozE— . B AL T
VE .

(samnod)
oo V07

(9x356)
NOILYIZ TIOON W/LXIN/

(s9m77)
NOILISPd JOLONILOY

g A L
friggrrtfny il k.

(s3a3arve 13711)
LnaIN/

4-114




LOVILIDY

"Sutqonug *16-§ 9.3y

NO/LIYS QWO T ON
DISd 008 B SVD NIJOITAH F,0L2-
ONFLXZ

- 278 $20 pe— —=| 075 C20 fe

E_E_s_-_____.-m_h
‘

xoZ

o/

o/

2oz

(sannod)
32304 A0LyNLOY

(s 542n1) (saHoNL)
NOILISOS YILATNI

NOILISOd XOLYNLOY

(szr#ONL)

L 12N/

4-115




A plot of the dynamics of the load fixture with no-load friction for
the specified inertia and structural spring rate was not included, because a damping
ratio was not defined and with a damping ratio of zero the load fixture would not be
realistic.

The original design of the load fixture had provisions for mounting
the actuator between the beam and a cantilever beam attached to the base of the fixture.
Preliminary testing of this configuration indicated that its resonant frequency was ap-
proximately 4cps, and was primarily due to the spring rate of the beam supporting
shaft. It was determined that if the beam supporting shaft was stiffened and the actu-
ator was mounted between the beam and a hard stationary support, and the load inertia
displacement was measured on the opposite side of the pivot, the load fixture would
approximate the no-load friction configuration as will be shown.

The specified load with no-load friction has the configuration as
shown in Figure 4-54.

Since the load inertia must necessarily damp out after it is dis-
turbed, the damping ratio of the system was assumed to be small and in the order of 0.1.

The relation between the actuator displacement xg and the inertia
displacement xg is:

B (g - 1 | (1)
Xp 1M , 36Dy
Ky L%,

where
72M = 116.67 1bs. sec®/in.
K, = 391,000 lbs/in.
Preliminary measurements of the load fixture used for the actu-
ator evaluation indicate it to have a predominate spring rate at the beam pivot caused

by deflection of the supporting shaft and its bearings as shown in Figure 4-55.

It is again assumed that there is damping and that it appears both
in translation and in rotation.

The relation between the force input Fq and the displacement of the
actuator xp is:

M 2 DFS+1

KM F

%‘i(s)=3£ 2 =3 (2)
)

' 2 2
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and the relation between the force input F2 and the load inertia instrumentation potenti-
ometer displacement Xo is '

34M 2 DF
ST S+ = 8+1
I 2 __ X ®)
F ~ 18D7 2
2 s(aﬂ_MM) <2_Msz+33+1)
Dp Ko Ko

combining equations (2) and (3), the relation between the load inertia instrumentation po-
tentiometer displacement X and the actuator displacement Xg is

34M Dg
-—— 2, X
2( K3 S +K28+1>

2C () = (4)
X
B (%Msh:z—an)
2 2

The frequency response of Xc to X of the test load fixture which
can be obtained from the test data shown in Figures 4-5? and 4-57 indicates that reso-
nance occurs at 7.2cps, therefore

1 [ Ky
IN =27  Tam °PS (5)

where

M = 1.62 1b. sec2
=1 in.

fn =7.2 cps
from which

Kg = (2w f))2 (14M) (6)

= 4r2 (7.2)2 (74) (1.62)

1b
= 245,000 7>

The load fixture frequency response indicates a damping ratio of
approximately 0.18, therefore

‘- 2\T4MK, | @

4-117



from which

Df ,'74M
K- XV%

2 2

74 (1.62)
=2 <°-18>Jm

= 0,00786 sec.

Substituting the coefficients into Equation (4) results in the following:

x i -4 g2 -4
XC (9. - 225x107%5% 18.6x107ts.1

(8)
XpB 4.80x1074 2 786x10°%s+1
Figure 4-56 shows a comparison of the Bode plots of the above
equation and the actual load fixture with no-load friction. The coefficient 2 can be ig-
nored because it was eliminated during the load fixture calibration.

Since all devices which have structural bending must necessarily
consume energy, the damping of the load fixture is unavoidable. Assuming the actual
engine to have a damping ratio but rather small, the load fixture as used is a fair approxi-
mation. The resonant frequency is 2cps below that desired, but the control system fre-
quency response of command input to load inertia displacement with -270° F hydrogen gas
was only attenuated minus 1.2db at 8cps. Had the load fixture resonance occurred at
9.2cps, the frequency response would have improved between 8 and 10cps.

When load friction is added to the load defined in the specification,
the inertia should not move until the actuator compresses the structural spring an amount
corresponding to the friction added. If 7300 pounds of friction force is used, the actuator
should move 0.0186 inches before the inertia moves. At low forcing frequencies, the
amplitude ratio of load inertia position to a command input of 0.05 inches would be minus
4db.

Since the load friction force is applied at point "D" on the load
fixture used, and the load inertia position is measured at point '""'C", the beam will pivot
about point "D" resulting in a displacement of point "'C", even though the friction has not
been overcome. When the torque supplied by the actuator is equal to the friction torque,
the beam will rotate about the supporting shaft at point "A'". The maximum displacement
indicated by the load inertia position instrumentation potentiometer after the beam ro-
tates about point "A" will be reduced by an amount corresponding to the displacement of
point "C"" prior to this rotation. Not recognizing this when evaluating the test data, one
could mistakenly conclude that the resolution and stiffness of the actuator has deteriorated.

The frequency response test data for -270° F hydrogen gas and with

load friction shown plotted in Figure 4-58 indicates at a frequency of 0.5cps the amplitude
ratio of load inertia position to command input to be minus 7.15db with a gradual rise to
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minus 3.6db at 9cps. Reference to the load fixture frequency response plots shown in
Figures 4-57 indicates that the load fixture as used has a low frequency attenuation of
1.6db more than it should. The low frequency amplitude ratio of the control system should
therefore be minus 5.55 rather than minus 7.15 as shown. The difference between the low
frequency amplitude ratio (-4db) of the analog computer plot of the specified load fixture
dynamics and the adjusted test amplitude ratio (-5.55db) would be minus 1.55db and can
be attributed to the control system stiffness and the motor friction characteristics.

As can be seen, the load fixture dynamics vary quite radically from
the desired beyond 4cps. Rather than dropping off, the amplitude ratio increased with
frequency to 7.2db at 9cps. This would account for the gradual rise in the control system
frequency response.

Of interest is the low frequency phase shift shown in the plot of the
analog computer simulation of the specified load. The plot shows a phase shift in the
order of 30 to 35 degrees. This would indicate that to obtain no more than 20 degrees
phase shift at 1cps with an infinitely stiff actuator would require additional low frequency
phase lead compensation.

4.3.3 Assembly and Operational Difficulties Experienced

4.3.3.1 Thrust Bearing Failure

After completion of cold testing of S/N 2 actuator and during some
room temperature slew velocity tests, the actuator was jammed. On disassembly it was
found that bearing retaining nut 2775640 had backed off after failing the safety wire. This
permitted the ball nut gear to slide back against the main housing, cutting off the safety
wire to retaining nut 2775639. On retraction, the gear slid forward again and jammed
nut 2775640 against cover 2775616. At this time the actuator would not operate. Further
investigation indicated that the matched set of four-point contact bearings had been in-
stalled incorrectly so that the one bearing (probably the center bearing) was taking all
the load instead of it being shared by three bearings. A bearing jammed and the gear
was turned within the inner race applying a sufficient torque to retaining nut 2775640 to
fail the lockwire. The nut was then free to move and the gear was not secured to the
bearings. The center bearing was disassembled but indicated only a build-up of SP-1
ball retained material on the races. The races had not failed. On reassembly with a
new set of bearings, the retaining nut was locked to the gear by a radial pin installed at
assembly.

4.3.3.2 Loss of Balls from Ball Spline Assembly

During full stroke operation of S/N 2 actuator at low loads, balls
were lost out of the head end row of the ball retainer on two separate occasions. At the
time this difficulty was discovered there was not sufficient time to perform any testing
to determine the cause of the loss of balls. The last row of balls (6 balls out of 30) were
removed from S/N 2 actuator after determining that the ball loads were not excessive.
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The loss of balls may have been due to a binding condition in the
ball retainer, excessive centering spring force, and/or inertia effects of the ball re-
tainer. Further investigation of this difficulty including all forces involved vs. driving
force of balls at various resistive torques will be necessary to determine the cause.

4.3.3.3 Housing Spanner Nuts

The large spanner nuts, P/N 2775617 and 2775618, used to attach
cover 2775616 and bracket eye assembly 2775665 to the housing were originally designed
to eliminate parts and provide a very stiff housing in tension. It was found, however,
that the friction of such a large thread and the friction of the nut shoulder against the
part secured required such a torque that it was not possible to properly mash the me-
tallic "O" rings used to seal at each end of the main housing. It was necessary to in-
stall the actuator in the test fixture and apply load with the fixture load cylinder in order
to properly preload these spanner nuts before torquing. No change could be made on
these units.

4.3.3.4 Potentiometer Support

Vibration tests on the original support for the connector end of the
potentiometer indicated insufficient support. See section 4.2.6 of this report. In order
to better support this potentiometer,nut 2775643 was redesigned and compression spring
2775828 was added. It was also necessary to make Change B in potentiometer assembly
2775565. S/N 2 actuator was equipped with these new parts, but S/N 1 was not corrected
because of the delivery requirement.

4.3.3.5 Rotation of Cover, P/N 2775616

It was found on S/N 1 actuator that the cover, P/N 2775616, had ro-
tated slightly when the unit was loaded on the test rig to mash the metallic "O'" ring seal
and spanner nut 2775617 was torqued. This provided some difficulty in aligning the
travel indicator. To correct this on S/N 2 actuator, a change was incorporated on cover
2715616 so that it would be doweled to the main housing thereby preventing rotation of
the cover.

4.4 DYNAMIC SEAL AND LINEAR MOTION BEARING DEVELOPMENT

The purpose of these tests was to evaluate the Bal seal, P/N 1005-238, for use in
the NV-B1 actuator to seal hydrogen gas between the output shaft and the main housing

and to evaluate Rulon tape for use as the support bearing between the output shaft and
main housing.

4.4.1 Description of Parts Tested

The Bal seal, P/N 1005-238, is a small cross section cup-type diametral
seal utilizing a garter spring to maintain contact between the seal and inner and outer
diameters. Seals manufactured from Teflon and Kel F were tested. Figure 4-92 shows
the seal cross section.
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Figure 4-92. Bal Seal With Solid Expander.
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The bearing material tested was Rulon Type A 0.033 inch thick, a modified
Teflon manufactured by the Dixon Corporation. The projected bearing area is 1.87
square inches. Figure 4-93 shows the bearing and installation dimensions.

The test fixture used was NPX-102-128. The main parts include a cylinder
and a shaft carrying two pistons. A Bal seal and a Rulon bearing were fitted to each
piston. The piston and cylinder material was AMS 5610 R, 26-33. The surface finish of |
the cylinder bore was 4 to 6 micro inches.

The seal groove and cylinder dimensions used were as recommended in the
Bal Seal Catalogue; both one-piece and two-piece groove constructions were used. The
two-piece construction allowed variation of the garter spring compression by the addi-
tion of shims behind the seal.

4.4.2 Background
4.4.2.1 Dynamic Seal

Numerous seal companies were contacted by letter in an effort to
obtain a dynamic seal for the NV-B1 output shaft. None could offer a leak-tight seal for
the -250° F temperature requirement except the Bal Seal Engineering Company which
manufacture a standard seal of suitable dimensions.

The acceptable leakage chosen for this seal was 3.75 x 10'2 scc/sec.
using hydrogen gas at -250° F and 50 psia. This number was calculated on the following
premise which was obtained on the NERVA program. The maximum seal leakage is 10-2
sce/sec/inch of seal diameter under the normal operating range of temperature and
pressure. The required operating conditions for this seal are:

Hydrogen gas at 0-50 psia and -250°F to 150°F

The nominal seal diameter is 3.75 inches.

4.4.2.2 Linear Motion Bearing

The bearing tests were made in conjunction with the seal tests, be-
cause the bearing and seal share a common rubbing surface in the main housing and com-
mon test fixturing was employed.

The purpose of the bearing is to enable the actuator to withstand the
5000-pound side load as specified for the actuator. :

4.4.3 Test Results

4.4.3.1 Static Leak Checks
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LINEAR MOTION BEARING INSTALLATION

Figure 4-93. Linear Motion Bearing Installation.
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4.4.3.1.1 Room Temperature Tests

The Teflon seal showed no leakage when pressurized
from 0-300 psig with nitrogen gas. Both one-piece and two-piece piston groove con-
struction was used. With the one-piece groove construction, it was extremely difficult
to assemble and impossible to remove the seal without damage.

The Kel F seal was tested under similar conditions and
the leakage rate exceeded the maximum by a factor of 200.

4.4.3.1.2 Preliminary Cryogenic Leak Checks

Preliminary checks showed that the seal would develop a
sudden rise in leakage as the temperature was reduced. The gas pressure was increased
to 150 psig to determine if the greater sealing force developed would help the situation.
The result was a more dramatic increase in the leakage.

4.4.3.1.3 Reduced Seal Groove Width

Shim stock was added to the seal groove to provide a
further .006 inch compression of the seal garter spring and a more comprehensive test
setup including thermocouples was used. A gas leakage test produced the following re-
sults:

Temperature - °F Le e
+T75 0
=75 0
-114 0
-170 0
-190 Leakage
-201 _ 915 cc/min.
-226 1820 cc/min.
-247 28300 cc/min.

4.4.3.1.4 Seal Reaction to Cryogenic Temperatures

The piston and seal assembly was removed from the
cylinder and cooled to approximately -250°F. Contraction of the seal outer lip was ob-

served to compress the garter spring such that the seal outer diameter was less than
the cylinder diameter.

4.4.3.1.5 Modified Bal Seal

The seal garter spring was replaced with a solid tapered
section split expander ring. Wedging action of the seal to the piston and cylinder diam-
eters was achieved by the installation of a helical compression spring under each of the
8ix screws retaining the movable side of the seal groove. The compression springs were
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set to provide a total force on the piston ring of 60 pounds; a force of 21 pounds was re-
quired to move the piston assembly along the cylinder.

The leakage was 9 scc/min. with helium gas at 70°F and
10 psig. The seal temperature was then reduced to -275°F and the leakage remained
constant at 9 scc/min. It should be noted that the cylinder was scored from previous
testing and thus it was impossible to achieve a complete seal.

Sufficient force was not immediately available to give
linear motion to the piston, but a torque of approximately 800 inch-pounds was required
to rotate the piston assembly at a temperature of -200°F with the seal open to atmos-
phere.

Assuming the coefficient of friction for linear motion is
the same as the rotational motion, the equivalent force is 427 pounds.

The leakage rate was increased to 12 sce/min. at -200°F
after rotation of the seal.

4.4.3.2 Seal Life
4.4.3.2.1 Teflon Seal

The teflon seal was too badly worn to continue the life
test without risking ruining the cylinder finish after 6000 cycles of +0.75 inch at 20cpm
with nitrogen gas at 10 psig applied to the seal.

4.4.3.2.2 Kel F Seal

The Kel F seal was cycled at the same conditions as the
Teflon seal and after 174,000 cycles showed negligible wear.

4.4.3.3 Bearing Test Results

Force To Force To Effective Load
Applied Move Out Move In On No. 1 Bearing

Load - Lbs. Lbs. Lbs. Lbs.
320 73.9 83 640

643 151 144 1286
1288 302 354 3576
1930 457 475 3860
2570 604 600 5140

Projected area of bearing = 1.87 sq. in.

Maximum compressive stress applied 5140/1.87 = 2740 psi
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Maximum compression measured 7% (measured at contact center) average
coefficient of friction = .08

4.4.4 Conclusions
4.4.4.1 Dynamic Seal

The Bal seal will provide an effective seal at temperatures as low
as -170°F, but below this value the contraction forces within the seal cause compression
of the garter spring rendering the seal ineffective. Replacing the garter spring with a
split, solid, spring loaded expander ring will maintain a seal at -250°F, but with an
attendant large increase in friction which may cause a high wear rate.

The seal life is inadequate when operating a Teflon seal against an
AMS 5610 stainless steel cylinder. Seal life may be increased by use of hard chrome
plate and a molybdenum disulphide dry film lubricant.
4.4.4.2 Linear Motion Bearing
The Rulon bearing as designed will handle the 5000-pound side
load specified for the NV-B1 actuator. The life of the bearing was not determined, but
no difficulty is anticipated in achieving the 100 full cycles specified.

4.4.5 Recommendations

4.4.5.1 Dynamic Seal

The Bal seal should be used in the NV-B1 actuator for the following
reasons:

a. No alternate seal is readily available; thus a seal development
program is required to obtain a satisfactory seal, followed by
modification of the actuator to accommodate the new seal.

b. Seal leakage is a hazard on these first two actuators only when
tested with hydrogen gas. Since the available supply of hydrogen
gas will limit hydrogen running to tests of short duration, it is
unlikely that the operating temperature of the seal will exceed
its working range.

c. Tests of longer duration will be performed with air or nitrogen
gas; the properties of which preclude operation outside the
temperature range of the seal.

d. The seal life will be lengthened by the use of hard chrome plate
on the cylinder bore.
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Seal wear should be monitored throughout the actuator testing to
Obtain data with regard to seal life when used in a hard chrome bore,

A seal development program should be initiated to obtain a seal
suitable for a flight version of the NV-B1 actuator.

4.4.5.2 Linear Motion Bearing

The Rulon bearing should be incorporated in the NV-B1 actuator
using the same dimensions as the test bearing.

The performance of the bearing should be monitored during the
actuator testing to verify that the bearing is satisfactory, with emphasis on performance
during the actuator side loading tests.

4.5 SNUBBER SPRING DEVELOPMENT TEST

4.5.1 Purpose

To determine the spring rate of the disc spring P/N 2775578 and to ensure
that dynamic loading at -250° F will not cause structural failure.

4.5.2 Description of Parts Tested

This disc spring was designed for snubbing the Model NV-B1 actuator, four
springs will be used in each actuator, 3 springs in series and one inactive.

The spring distorted during heat treatment and in order to obtain a flat con-

tact surface with a minimum width of 0.030, the spring height was reduced from % to

.552 inch. !

The surface finishes of the part did not meet the minimum requirement of
32 micro inches and were probably no better than 125 micro inches.

The final static test was made after the spring outer diameter was machined
from a conical to a cylindrical form, the final diameter being 4.900 inches.

The maximum spring travel available is 0.040 inch; the maximum working
travel is 0.033 inch or 82% of maximum available.

4.5.2.1 Test Equipment
4.5.2.1.1 Static Test
The static test was performed on an Olsen testing ma-

chine and the load was applied to the spring via a 3-inch diameter steel ball to ensure
even loading.
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4.5.2.1.2 Dynamic Test
Two methods were used for dynamic testing:

a. The first method consisted of a 50-pound steel cylin-
der dropped through a steel guide tube. The spring was resting on a 6'" diameter x 4"
thick cylinder which in turn was resting on the concrete floor.

b. The second test utilized a small drop test rig. The
platten weight was 533 lbs. This was increased by resting seven 100-1b. lead bars on
the lower I beam of the platten.

In both tests, spring travel was determined by measuring
solder strips crushed by the lower moving edge of the spring.

4.5.3 Summary of Results

4.5.3.1 Static Test

The static test results are shown in Figures 4-94 and 4-95. The
spring rate and hysteresis were 2.05 x 106 1b/in and 20% 1b/1b respectively. After ma-
ch1n1ng the outs1de diameter from conical to cylindrical form, the spring rate and hyster-
esis were 2.0 x 106 1b/in and 24% 1b/1b respectively.

4.5.3.2 Dynamic Tests
4.5.3.2.1 First Test Rig

The first test failed to load the spring evenly and the re-
sulting deflection measured at different points around the spring varied from 0 to 0.015
inch.

The impact load of 1210 in-lbs was applied to the spring
three impacts at room temperature and ten impacts at approximately -300°F. No physi-
cal damage was evident at the completion of this test.

4.5.3.2.2 Second Test Rig
: The second test comprised six impacts which were in-
creased in energy from 1210 in-1bs to 11,400 in-1bs to achieve required 0.033 inch. The
plot of spring travel vs.V Load Energy is shown in Figure 4-96.

4.5.4 Conclusions

The static tests showed that the spring rate was 2.0 x 106 1b/in which was
the design objective.
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Figure 4-96. Spring Impact Load Characteristic.
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The dynamic tests showed that the spring may be dynamically loaded through
the designed working stroke of 0.033 inch without exceeding the elastic limit of the spring
at room temperature.

The dynamic tests at -300° F were made only on the first test setup and the
maximum spring travel achieved was approximately 0.017 inch. However, this test was
repeated 10 times and since the minimum required operating temperature is -250°F it
may be assumed that the spring will meet the environmental requirements.

Correlation between the theoretical and actual spring travel was not achieved,
the energy input for 0.033 inch of travel was almost 10 times the anticipated value. In-
vestigation of this situation has not revealed the problem area.

4.5.5 Recommendations

The spring thickness should be increased from .515/.513 to .532/.529 inch to
absorb the increase in allowable maximum actuator output force, 34,800 1bs. to 42,000
lbs. agreed to after the test spring was designed.

4.6 ACTUATOR STIFFNESS

Two tests were performed on the NV-B1 actuators to determine the stiffness or
structural spring rate of the actuator.

The first test was performed with the actuator (less the servo motor) mounted on
the engine simulation fixture and with the sun gear of the planetary transmission locked
to determine the overall mechanical spring rate of the actuator. The actuator was then
loaded to 15,000 pounds and deflection was measured by the actuator potentiometer po-
sition change. The spring rate after overcoming initial friction forces was found to be
1.6 x 106 1bs/in. as shown in Figure 4-97.

The second test was performed with the complete closed loop actuator system
mounted on the engine simulator fixture and loaded in the same manner as above using
the potentiometer position indicator to measure deflection. A complete hysteresis loop
of forces was applied. In compression the average spring rate was found to be 2.28 x 106
Ibs/in. whereas in tension the average rate was 1.67 x 106 1bs/in. See Figure 4-98 for
the closed loop stiffness curve.

4.7 VIBRATION OF COMPLETE UNIT

The S/N 2 actuator was vibrated through the complete spectrum in all three planes.
The unit was not endurance vibrated for an hour in each plane since there was no desire
to damage the actuator.

4.7.1 Method of Test

The actuator was mounted on a fixture which allowed the actuator to be vi-
brated through one axis perpendicular to the ball screw centerline. Reversal of the
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actuator in the fixture would permit the vibrator axis to be through the plane perpendi-
cular to the first plane and perpendicular to the ball screw centerline. To obtain the vi-
bration axis parallel to the centerline of the ball screw, the fixture was placed on a film
of oil on a granite slip table. The vibrator was rotated so that its axis would be parallel
to the slip table surface and the fixture was attached directly to the vibrator armature.

Three accelerometers were attached directly to the actuator transmission
bearing cover so that acceleration could be measured in all three planes. A fourth ac-
celerometer was attached to the fixture at the point of input force with its principle axis
on the axis of vibration. All four accelerometers and the vibration frequency were mon-
itored by a five-channel recording oscillograph.

A thyratron circuit was connected to the actuator to monitor the feedback
and position potentiometer. This setup indicates an open circuit with a light-on signal
that must be reset once a circuit is broken.

The spool of the servo valve was blocked in a hard-over position since pres-
sure was not available. This, in turn, positioned the torque motor in a hard-over posi-
tion.

The complete vibration spectrum was scanned in all three planes and a con-
tinuous recording was made of all accelerometer and frequency data.

4.7.2 Summary of Results

Throughout the complete vibration runs there were no open circuits shown
on the feedback potentiometer. A check on the torque motor after the vibration test indi-
cated no change in its operational characteristics.

The only difficulty encountered during the testing was when vibrating through
the axis perpendicular to a plane through the centerlines of the ball screw and pneumatic
servo motor. The motor and transmission are displaced from the centerline and provide
a substantial off-center moment. The test was started with the fixture stops loaded
against the stabilizing lugs on the head end bracket eye, rather than providing the 0.010
to 0.023 inch clearance of the installation. During the constant 12G portion of the vibra-
tion spectrum, the fixture stops were failed by the moment created by the off-center
motor and transmission. It was necessary to provide a spacer between the fixture and
the head end bracket eye and draw down the stud through the spherical ball to provide
sufficient contact area for this moment. (NOTE: This moment is approximately 20 lbs.
X 5.875 inches - 117.5 in.-lbs. At 30G's this would be a moment of 3,520 in-lbs. or
2,450 1bs. force at the center of the stabilizing lug.)

The oscillograph traces indicated resonant conditions on one or more accel-
erometers as shown on Table 4-5, and Figures 4-99, 4-100, and 4-101.

Plane 1 with the axis of vibration perpendicular and through the centerline of
the ball screw and servo motor indicated 15 resonant points. The most severe acceler-
ations generated in comparison to driving acceleration were at 40 and 200 cps where
30G's were recorded along Axis 1 with a driving acceleration of 12G's.
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Plane 2 with the axis of vibration perpendicular to a plane through the center-
lines of the ball screw and servo motor indicated 23 resonant points. The most severe
accelerations were generated in Plane 2 at 40 and 50cps with 44 and 53G's respectively.
Except for the input accelerometer on the fixture, all resonant points were attenuated be-
low driving accelerations at frequencies above 100cps.

Plane 3 with the axis of vibration parallel to the ball screw centerlines only
12 significant resonant points were recorded. There were only three points of high ac-
celerations in the 12G range of the spectrum at 50 and 140 and between 275 and 325cps.
The most severe of all resonances was found between 500 and 675cps where the fixture
indicated accelerations as high as 65G's. Plane 2 was 48G's and Plane 3 on the actuator
indicated 35G's.

4.7.3 Conclusions

It is concluded that the actuator was not damaged by the vibration tests. The
changes made in the mounting of the potentiometer and its connector prevented discon-
tinuities that were evident on preliminary vibration tests on the potentiometer (see sec-
tion 4.2.6 of this report).

It is evident that the means of restraining the off-center mass by the lugs on
the head end bracket eye will not be satisfactory for a vibration axis through Plane 2.
This off-center loading was a possible cause for the high resonant accelerations gener-
ated in Plane 2 at 40 and 50cps.

The high resonant accelerations set up in Plane 3 between 500 and 675cps
may have been caused by the means of securing the mass of actuator and fixture to the
vibrator. It will be noted that Plane 2 indicated higher accelerations than Plane 3 and
may have been a result of reaction torques produced by the lead screw against the loose
stabilization stops specified because of spring rates of the components of the actuator.

4.7.4 Recommendations

It is recommended that consideration be given to a better method of stabili-
zation stops capable of resisting the 3,520 in-1bs. torque developed by the off-center
motor and transmission. A spherical ball ended strut connected between the transmission
and the missile structure would be one possible solution. Another, better, solution would
be a lengthened space envelope to permit the design of a symmetrical actuator if this
would be compatible with system considerations.

Further vibration study should be conducted to determine the components
that initiate the major resonant conditions found.
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SECTION V

CONCLUSIONS

This report indicates that the general design approach taken on the Model NV-B1
Electropneumatic Actuator will provide a feasible thrust vector control for the J-2
engine.

The component tests run during this program indicate that the actuator was basi-
cally over-designed with respect to ball screw sizing. This was primarily because of
the teflon ball method of lubrication developed after the ball screw had been sized. It
should be pointed out that with the use of a smaller ball screw and use of aluminum or
titanium for many of the structural parts that the weight of a follow-on design could be
reduced to 50 to 60% of the NV-B1 design.

A basic error was made in the structural design. The large spanner nuts used on
each end of the housing were intended to provide structural stiffness with a minimum
number of parts. It was found, however, that friction on the large diameters required
so much torque that the actuator had to be externally loaded to deflect the metallic "O"
ring seals and the spanner nuts had to be torqued when in this condition.

Component testing of the dynamic reciprocating seal indicated that it would not pro-
vide a satisfactory seal at less than -170°F. For cryogenic operation, the inside lip of
the seal should be used to seal against relative motion. Further development is required
to obtain a satisfactory seal.

Component testing of the servo motor with the servo valve indicated a very high
deadband to reverse the servo motor. The high deadband was a result of vane friction
and cross-port leakage. The greatest percent of all development time was spent in an
effort to reduce this deadband. Although a 40% improvement in deadband was attained
during the development program, further work must still be done in this area. The
Servo motor requires additional development in order for the actuator to attain expected
performance. The specification requirement of 0. 25 ma cannot be obtained on a servo
valve motor combination. It is believed that a total deadband of 3 to 4 ma with the gains
involved would provide the expected actuator performance.

Most of the deficiencies in the closed loop performance of the control system can be
attributed to the poor friction characteristics of the rotary vane motor. The overall
resolution of the system was in the order of 0. 010 to 0. 012 inch which is not acceptable.
The overall resolution could be improved by increasing the gain available from the servo
amplifier, but this would only be obscuring the basic problem of poor vane motor re-
solution.



The closed loop frequency response of the system indicates that the dynamics of
the actuator may be marginal if the 8 cps bandwidth is to be attained, particularly
if the load friction force remains at 7,300 pounds. An improvement in the resolution
of the motor would reduce the overall dynamic problem considerably.

The transient response was well within reason with respect to the rise time, over-
shoot, and settling time. A large portion of the overshoot was caused by the large lag
in the amplifier which was necessaryin order to be able to maintain a static resolution
of the order required for system evaluation and still be reasonably stable. A reduction
in this lag would improve the dynamic resolution as well as the transient response.

The snubber springs designed for the NV-B1 actuator were designed on the basis
of maximum motor torque, full load and actuator inertia applied directly to the snubber
springs with no energy absorption allowance for gear train and other components. The
snubber spring deflection was therefore only 38 to 52 percent of the specification
allowance. The snubbing forces could be reduced on a new design by reducing snubber
spring rate to use a greater percentage of allowable snubber travel.

Vibration testing of the NV-B1 actuator design indicated that the method of mounting
the actuator and supporting the off-center mass of motor and gear train with the stabi-
lizing stops specified was not satisfactory. A spherical ball ended strut should be con-
nected between the actuator and airframe to resist vibration forces of the off- center
mass. A longer symmetrical envelope for the actuator would eliminate the need for
the strut.
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SECTION VI

RECOMMENDATIONS

Since feasibility of the NV-B1 type electropneumatic actuator has been shown, it
would be the Bendix recommendation that the program be extended to design and fabri-
cate flight-weight thrust vector actuators for the J-2 engine. A three phase program
would be recommended as follows:

PhaseI - Development programs on the servo motor and dynamic seals to

provide better actuator resolution and increase reliability of the
motor and to provide a seal capable of operation throughout the
complete temperature range.

Phase I - Endurance test present NV-Bl1 actuators to determine actual sizing

factors for ball screws, bearings, gears, etc. that may be used in
a more optimum design. Study alternate designs and layout a flight-
weight actuator.

Phase III - On approval of design of Phase II detail, fabricate, test and deliver

two flight type actuators.

This program indicated several design considerations for similar future actuators
as follows:

1.

An actuator conforming to the space envelope of this specification requires a
better method of supporting the unsymmetrical load involved than the raised
stops specified on the head end bracket eye. A spherical ball ended strut
between the actuator housing and the missile would be recommended.

If at all possible, the space envelope should be increased in length permitting
the design of a symmetrical unit with the motor and transmission centerline
on the centerline of the ball screw. An estimated six to eight inches additional
length would be required.

All large spanner nuts must be securely locked against any possible torque
reactions.

Linear potentiometers must be supported securely on both ends and internal
electrical connectors must provide full pin engagement.
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Ball splines must definitely trap balls within grooves of male and female
splines.

Positive pressure feedback should be incorporated in the actuator in addition
to phase lead.




APPENDIX A

PARTS LISTS

The NV-B1 Actuator is covered by parts list 2775024. It and the
parts lists of major components are included in this appendix as
follows:

2775024 NV-B1 Actuator
2153707 Servo Valve
2775037 Pneumatic Vane Motor

Assembly
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APPENDIX B

SPECIFICATIONS

The NV-B1 Actuator was designed to meet the requirements of

George C. Marshall Space Flight Center Specification 50M35003.

In order to obtain components for the actuator to meet this
specification, the following specifications were written and are
included in this appendix.

NPD-110 Feedback Potentiometer (BPAD)

NPD-111 Servo Amplifier (BPAD)

DS-659 Torque Motor for Gimbal Valve
Application (RLD)

DS-668 Servo Valve No. 3812 (J-2 Actuator)
(RLD)

DS-676 Pneumatic Rotary Motor (RLD)



PROJECT NO. THE BENDIX CORPORATION SPECIFICATION NO, HEX

BENDIX PRODUCTS AEROSPACE DIVISION

SOUTH BEND, INDIANA NPD— | | O .

TITLE

ENGINEERING SPECIFICATION

FEEDBACK POTENTIOMETER ‘ May 17, 1963

1.0

2,0

3.0

4.0

5.0

ENVIRONMENT

POTENTIOMETER TYPE

The potentiometer shall be of the infinite resolution type, having
dual elements and center taps,

The potentiometer shall be capable of meeting all performance require-
ments under the following environmental conditions:

Tempernture...................-250. F to ’150. F
Pressure.....ceeevsssssnssess,10"% mm Hg to sea level
Vibration.iceseiseeerssnneanesed0 g's, 100 to 1000 cps
AtmoSpheTe.ircteaasnrasesesessGasecus Hydrogen

POTENTIOMETER LIFE

The potentiometer shall be capable of meeting all performance require-
ments under the environment conditions of Item 2,0 at any time during
130,000 operating cycles at full stroke and 0.5 cps. The ambient
temperature and pressure during the 1ife cycle shall be 77° F and

one (1) atmosphere respectively.

The potentiometer shall be capable of meeting all performance require-
ments under the envirommental conditions of Item 2,0 after a 30-day
soak at -250° F and 10-6 mm Hg, and after an 8-hour soak at +150° F
and one (1) atmosphere,

POTENTIOMETER SUPPLY VOLTAGE

The voltage across each potentiometer element shall be 60 vdc continuous,
The potentiometer shall be capable of withstanding 90 vdec to both elements
for a period of one (1) hour at an ambient temperature of 77° F without
degrading its performance at the specified environmental conditions.

POTENTIOMETER POWER DISSIPATION

The total power supplied to both elements shall not exceed 3.75 watts
under the environmental conditions of Item 2,0 and with s supply voltage
of 60 vde,

PREPARED BY

B. R. Coleman B. Hegg D. J. Schaffer )

W CHECKED BY a% APPROVED B8Y < '!

REVISIONS (‘) Exp. Relsased 74.63

ORIGINAL FILED IN PRODUCT DESIGN SECTION
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FEEDBACK POTENTIOMETER |

a
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May 17, 1963

The voltage ratio outnut (Fg/Eg) shall be lincar with displacement
Eo and Eg

There shall be no discontinuity in the output voltage (Vo) over the
center 95 nercent of the mechanical travel when the potentiometer is

element wiper output terminal and with 60 vdc as the supply voltage

A 500 ¢+ 50 ohm, 1/8 watt resistor shall be incornorated in series with
cach wiper and within the potentiometer housing. When resistance is
checked through wiper, resistance shall be between L50 & 700 OHMS,

AR gAY

6.0 ELEMENT RESISTANCE
The resistance of each element shall be a minimum as defined by
Items 4,0 and 5.0 but shall not exceed 2500 ohms,
7.0 LINEARITY
to within the allowable error hand shown in Figure II.
are defined in Figure I.
8.0 ELECTRICAL STROKE
The electrical stroke shall be 3.15 & 0,020 inches minimum.
9.0 MECHANICAL STROKE
The mechanical stroke shall be 3,5 & 0,020 inches,
10.0 WIPFR DISCONTINUITY
loaded with a-25,000 ohm resistor hetween the center tan and the
for the environmental conditions specified in Item 2.0,
‘ 11,0 PROTECTIVE RESISTORS
!
e e b AR ;é?iv%
B. R, Coleman B. Hegg

D, J. Schaffer

(B

(A) Exp. Released 7-1-6

) hesistance between ﬁSO & 700 OHMS, Added 9-30-63
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PROJE T ruo- THE BENDIX CORPORATION e aon e ]
BENDIX PRODUCTS AEROSPACE DIVISION A
SOUTH BEND. INDIANA NPD -1 | O i

ENGINEERING SPECIFICATION

TITLE

FEEDBACK POTINTINMETEPR

3

May 17, 1963

Protective Resistor

FIGURE I - POTENTIOMETER TEST CIRCUIT

-
i
[

PREPARED BY

@?

CaF CKEDBY APPROVED BY
[- 4]
3.

-B. R, Coleman B. Hegg

D, J. Schaffer

REVISIONS (‘) Exp, Released T=1-63
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NPD-110

SOUTH BEND, INDIANA
ENGINEERING SPECIFICATION
 FERDBACK POTENTIMMETER ] " May 17, 1963
|'§¢3/'E5 |
| }+.45675
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FIGURE I1 - POTENTIOMETER LINEARITY
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B. R, Coleman B. llegg
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BROJECT Mi THE BENDIX CORPORATION SEEL i AT O ‘:
T Sowwew. mownn - INPD=I1l | s
ENGINEERING SPECIFICATION
e SERVO AMPLIFIE;_A’ rMESeptembar 13, 1963

r’)
©

1.0 Type
The amplifier shall be designed utilizing solid stata’ components,
preferably transistors. It shall be designed for a supply voltage
of 115 voits 5%, 60 or 400 cps +5%, and for push-pull type of
operation,

2.0 Inputs
The amplifier shall be designed to accept two  independent grounded
NC signals, and one floating differentigl IC signal

3.0 Signal Source Impedance
The external signal source impedance will be a maximum of 3000 ohms
resistive,

4,0 Maximum Signal Level
The maximum signal level will not exceed %60 volts DC.

5.0 Amplifier Input Impedance

‘ The amplifier input impedance shall be greater than 100,000 ohms
with or without supply power to the amplifier.

6.0 Amplifier Load
The amplifier load will consist of a two-wire, parallel winding,
permanent magnet torque motor with a DC resistance of 100 ohms at
77° F and a maximum current rating of #50 milliamperes. The torque
motor will be subjected to an smbient temperature range of -250° F
to +150° F, For amplifier evaluation, the load shall consist of a
2.4 henry inductor in series with a 116-ohm or a 28,5-ohm resistor,

7.0  Amplifier Dynamic Load Impedance
The load impedance and phase shift as a function of frequency and
temperature is shown in Figure 1,

PREPARED BY M CHLCKED BY APPROVEL BY . );
cb B. R. Coleman » D, J. Schaffer -

revisions (A) EXP, RELEASED 9.16-63
(B) Para 2,0 Read "The ifier shall be de 1¢n:gsto accept thres indépendent

insolated balanced ex DC signals. 109

ORIGINAL FILED IN PRODUCT CESIGN SECTION

Face _X Acr -6 B-5
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BENDIX PRODUCTS AEROSPACE DIVISICN

SOUTH BEND. INDIANA LN PD - | | |
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ENGINEERING SPECIFICATION

SERVO AMPLIFIER Septemher 13, 1963

8.0

9'0

10.0

11.0

Amplifier Static Gain

The amplifier maximum static gain through null shall be 0,070 £10%
amps/volt with static loads as defined in Figure 1,

Amplifier Static Gain Adjustment

The amplifier shall be provided with a readily accessible uncalibrated
continuous static gain adjustment. The gain shall be adjustable over
a 5:1 range, The frequency response or the output current saturation
level shall not be affected by the gain setting.

Amplifier Frequency Response

The amplifier shall be designed to provide two basic frequency responses
with n load as defined in Items 5.0 and 6,0, and with an input signal
corresponding to 225 milliamperes of output current. The input signal
source impedance shall be as defined in Item 3,0, The frquency responses
shall be as follows.

10,1 The ratio of output current to input voltage shall be flat from
0 to 150 cps minimum, The phase shift at 100 cps shall be no
greater than -20°,

10.2 The amplifier shall be provided with readily accessible partially
connected phase lead and phase lag circuits which when connected
will result in the nominal frequency response #s shown in Figure
2, The break frequencies of the phase lead and phase lag circuits
shall be adjustable by means of component changes over a frequency
range of ¢ one octave from the nominal, The amplifier shall have
no internal instability when the break frequencies are adjusted
over this range.

Linelritz

The static gsin curve shall be a smooth curve from minus saturation
to plus saturation, and the slope of the curve shall not deviate more
than $5% of the gain through null from 75 to +75% of saturation. The
signal required to drive the amplifier from 75% of saturation to 95%
of saturation shall not exceed 35% of the total signal required for
95% of saturation,

B, R,

w-&ruarrn"m CHEInED DY apbpRoVEL Ay -(‘}.‘,

Coleman D. J. Schaffer

~+ vooms (A) EXP, RELEASED 9-16-43

gEss
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N THE BENDIX CORPORATION SEECIE C ATICN 0 —“" ;

BENDIX PRODUCTS AEROSPACE DIVISION —
SOUTH BEND. INDIANA NPD— 1

ENGINEERING SPECIFICATION

TITLE

JATE

SERVO AMPLIFIER

12,0

13.0

14,0

15.0

16,0

17.0

18,0

19,0

September 13, 1963

Offset

The output current with zero input voltage shall not exceed 21,0
milliampere,

Rizgle

The output current ripple shall not exceed 0,01 milliamperes peak-to-
peak,

Saturation

The maximum output current shall be 50 +10 or -5 milliamperes,
Resolution

There shall be no hysteresis or deadband exhibited by the amplifier,
Drift

The amplifier drift shall not exceed 0.05 millianmperes of output

current per hour at an ambient temperature of 77° F after a 30-
minute warm-up period,

Delaz Time

The amplifier shall exhibit no delay time from input signal to
output current when the first stage of the amplifier is driven from
saturation to saturation.

Environment

The amplifier shall conform within this specification at an ambient
temperature of 77° F £10° P, and an anbient pressure of one atmosphere,

Test Data

Test dats to substantiate conformance with this specification shall
be submitted for Bendix approval prior to acceptance of the amplifier,

PREPARED BY

B. R.

CHECKED BY APPROVED BY )d
[z

Coleman D, J. Schaffer

REVISIONS (A) EXP, RELEASED 9-16-63

GRIGINAL FILED IN PRODUCT LESIGN SECTION

PAGE s or 6
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R THE BENDIX CORPORATION T I
BENDIX PRODUCTS AEROSPACE DIVISION t N
SOUTH BEND. INDIANA NPD-111
- — e SR QSR U U U Y

b —_— R

ENGINEERING SPECIFICATION

T T T B P -

SERVO AMPLIFIER

September 13, 1963

20,0 wiring Ditgram

A complete amplifier wiring diagram shall be supplied upon delivery
of the amplifier,

21,0 Connector

The amplifier chassis shall be provided with a standard AN connector
for all external connections.

]
S AN

st S T

PEPAREL RY fHE - RELBY ACPROVEL YY

B. R, Coleman D. J, Schaffer
SURENGE (A) EXP, RELEASED 9-16-63

ORIGINAL FILED IN PRCDUCT [ESIGN SECTION
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PROIFCT NO.

THE BENDIX CORPQRATION
RESEARCH LABORATORIES DIVISION
SOUTHFIELD, MICHIGAN

3812-100

CODE IDENT,

SPECIFICATION NO,

REV.

11272

DS=- 659

ENGINEERING SPECIFICATION

TITLE

DATE

shift

Torque Motor for Gimbal Valve Application 8-14-63
Output Characteristics Value

Output point on shaft, below flat mounting 1.000 inch

base (see Figure 2).

Output displacement at rated current, +0.015 inch

parallel to base

Maximum output displacement $0.020 inch

Force at rated output displacement at 3.0 ounces

max. current

Linearity within rated output displacement *10.0 4 max.

Displacement gain variation with  tempera- 5.0 £ max.

ture

Hysteresis 2.0 % of rated
current, mzx,

Resolution 0.5 Z of rated
current, max.

Null shift with temperature and pressure 1.0 % of rated
current, max.

Frequency response to constant current

source should approximate a first order lag

with a L5° phase shift at 100,0 cycles/sec.

At 10 cycles/sec., maximum allowable phase 20.0 degrees

CHECKED BY

PREPARED av%4¢, b/%&Zﬂ:_
‘ ﬂ/ﬂ,M £icwr ¢y

T+ L. McNorton

APPROVED BY

REVISIONS

%7'/6—4 G Srri3

BC/RLD-218

ORIGINAL FILED IN PRODUCT DESIGN SECTION

PAGE
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PRCECT NO. THE BENDIX CORPQRATION CODE IDENT, SPECIFICATION NO. RE V.,
’ RESEARCH LABORATORIES DIVISION 1 1 i
3812-100 SOUTHFIELD, MICHIGAN 272 ps-ss9 A
TITLE OATE
Torque .lotor for Gimbal Vulve rpplicetion G=1l="3
Input Characteristics Value
Rated current * UeUliv to amps. maX.
0.050
Input power at max. rated current 0e250 watts max.
Configuration (see Figure 1 & 2) '"wo wire, parallel or series
uinding
Coil resistance™ 100 ohms equivalent
(see figure)

* Most desirable combination is considered to be 100
ohms equivalent resistance and 50 ma rated current.

200.:\157' &

To MaTE WITH
BenNcix ON
OR: PTo2E-8-4%

\oorL 5% ‘

o B
R

Torgue Mogor  C o ARRANCEMENT

FIGURE 1
P . / s
PREPARED gv//’/"f'.,‘ 47£," CHECKED BY APPROVED BY
T. L. McNorton
RE VISIONS
B8C/RLD-218 ORIGINAL FILED IN PRODUCT DESIGN SECTION 8808-000-163

PAGE __2 oF 0 B-12




PROJECT NO.

3812-100

THE BENDIX CORPORATION
RESEARCH LABORATORIES DIVISION
SOUTHFIELD, MICHIGAN

CODE IDENT,

SPECIFICATION NO, REV.

11272

DS- 689 A

ENGINEERING SPECIFICATION

TITLE

Torque Motor for Gimbal Valve Application

DATE

Envirommental

Pressure

Vibration

Physical
Sigse

Weight
Stroke stops

Life

Other Requirements

Operational temperature range

Pressure differential across shaft seal

Total service life at temperature

Torque motor must bs capable of performing
within apecificatior_xg after a 30-day soak at
mims ~250°F and 10

shall also apply for an 8 hour soak at plus 150°F.

ma. Hg.

Operetion cycles (%.015 in stroke)

1. Magnetic gaps and coils must be sealed
from working fluid at output.

This requirement

8=1l=63
Value
-250°F to
+150%F
II.O'6 mm. of Hg to sea
level
800 psi max,
See
Figure 3
See Figure 2
Minimum

Permanent. stops shall be
set by vendor. Adjustable
stops, with locking feature,
shall be provided.

72 hours
(130,000 cyoclesa)

10 cycles

Te Lo McNorton

PREPARED BY S 2 sy "%Iﬁ

CHECKED BY

APPROVED BY

REVISIONS

BC/RLD-218 -

ORIGINAL FILED IN PRODUCT DESIGN SECTION

3 6

OF

PAGE

$808-000-183
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F R BT O, THE BENDIX CORPORAT'ON CODF IDENT, SPFCIFICATION NO, REV,
RESEARCH LABORATORIES DIVISION
3812-100 SOUTHFIELD, MICHIGAN 11272 DS-659 A
ENGINEERING SPECIFICATION
e Torque Motor for Gimbal Valve Application o €-14-63

Other Requirements

2. All threaded assemblies must be positively locked by saZety wirins or
other approved methods.

3. Mounting shall be with four holes through the torque motor base
as showvn in Fiource 2.

L, The coil connections shall be made to a connector which mates with a
Bendix type PTO2E-C-4S or equivalent. All solderinz connections shall
be made in accordance with procecdurc MSFC-PROC-1584.

5. Current supplied to the coil from Pin A (+) to Pin B (-) shall causc
the flapper output point to move toward the eclectrical connector.

PREPARED BY CHECKED BY APPROVED BY

T. L. McNorton

REVISIONS

BC/RLD-218 ORIGINAL FILED IN PRODUCT DESIGN SECTION 8808-000-183

PAGE _u_or 6 B-14
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PROJECT NO. THE BENDIX CORPORATION CODE IDENT, SPECIFICATION NO. REV.

RESEARCH LABORATORIES DIVISION
312-100 SOUTMFIELD, MICHIGAN 11272  pe-659 A

ENGINEERING SPECIFICATION

TITLE DATE

Torque Motor for Ginbal Valve Application 8elha63
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PREPARED BY // 2er © CHECKED BY APPROVED 8Y
) To I.l-
L
REVISIONS
B8C/RLD-218 ORIGINAL FILED IN PRODUCT DESIGN SECTION . 0808-000-183
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DS-659 A
FIGURE 3
100+ —
. | 1
. -| B
t R
[ T
+4
I
. ! . .
. L | . ?
Z L. - o - ,;IFlﬁ_ JE N S
‘ A L
; 1
| l | /A
JERPSRIAES FOQP DU S - S S — e — /8 .
1 ) R
|O.°f 1 ‘r/;
A ! — b ;
é : I N
o i 4 ‘ i
™ : . ; — VV
S ; d/
I — 4 ;
g (- 2/ . RES
1) 3 {-
E o l T qo : Y ‘
F SRR e G T B - N B
g : 3 i
y P 4,/'
J "‘"‘ S S >“ S T = O R M
< | i / o 3
8- ‘ ' o
S B I |
o T . ) [ 4
o | I
. '.’ - | : / : -~
o R . -
viv : /[ ]
I, : 4
ge : ‘
b3
s )
0¢ ;
N 1
W . —_— N GRS L [ P - <4 -
. .
X
; H ; ! H
B TSGR oy R . o R W 4.
o ; . .
. j L |
o"l 4 el 2 3 4 Y. 2 ‘J 4 5 b 7 8 9
10 e 100 jo00

Fezeguency - aveurssec.

SINUSOIDAL SWEEP 4 MIN. PER
OCTAVE - TEST Time, ONE
HOUR PRR EACH OF THRRE

PRruweipan  AXES.
Page 6 of 6

B-16



SROIECT NO. THE BENDIX CORPORATION CODE IDENT, SPECIFICATION NO. RE vV,
RESEARCH LABORATORIES DIVISION 1 2
3812-302 SOUTHFIELD, MICHIGAN 127 DS-668 A
TITLE DATE
Servo Valve No. 3812 (J-2 Actuator) January 7, 1964
Characteristic Unit Value
Gas Media . Hydrogen, Nitrogen
Operational Temperature Range 0F -250o to +l‘50O
Lubrication Requirement None
Rated Port Areas
i)
Supply in. 0.0186
Exhaust in% 0.0294
Valve Flow (Total)
(a) Open Ports - N, 2 800 psig & 70°F o scfm 150
(v) Blocked Ports - N> 2 800 psig& TOF scfm 10
{e) 0.138 load orifice - No 2 800 psig scfm 120
& TO°F
(d4) 0.086 load oririce - No 2 800 psig scfm 65
& TOCF
Operating Supply Pressure psig TOO to 850
+
Rated Current amps . =0.050
Coll Resistance ohms 100
Input Power watts 0.250 maximm
Hysteresis percent <3
Null Shift over Temperature Range percent
Null Shift over Operating Pressure Range percent <2
Linearity . percent k.5
Threshold percent 0.5%
Spool Diameter in. 0.625
ﬁ /
PREPARED GV//[ CHECKED 8Y APPROVED BY
T. L. McNorton
REVISIONS
BC/RLD-218 ORIGINAL FILED IN PRODUCT DESIGN SECTION ) 8808-000-163
pace L oF _3 . B-17
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» SR LT N THE BENDIX CORPORATION CONE INENT, SPECIFICATION NO. RE V.
) RESEARCH LABORATORIES DIVISION 1 1 2 7 2
3812-302 SOUTHFIELD, MICHIGAN DS-668 A
TITLH DATE
Servo Valve No. 3812 (J-2 Actuator) January 7, 196k
Characteristic Unit Value
+
Spool Stroke in. -.015
+
Spool lap Adjustment in. 0-~0.0001
Spool Diametral Clearance in. 0.00025 to 0.0003
Volume Under Compression (Load Lines) in%
Nozzle Orifice Diamecter in. 0.031
Flapper Clearance per side in. 0.002
Supply Port Proof Pressure psig 1600
Return Port Proof Pressure psig 800
Valve Body LLOC stainless with black

oxidize surface per MIL-
1392LA, class 2

Valve Spool 440C stainless with black
oxidize surface per MIL-
139254, class 2

L]
Zlectrical Connection Bendix Secintilla PTORE-8-4P
Mating Connector Bendix Scintilla PTO2E-8-LS

NOTE: Current applied from pin A(+)
to pin B(-) causes gas to rlow
from the load port nearest the
clectrical connector

Frequency Response

o
At 800 psi & TO F using nitrozen

too'“-3 db Amplitude cps 50 (estimated)
90 phase lag cps 102 (estimated)
PtV ya ]
PREPARED a%/,[_/ﬂ{"/ CHECKED BY APPROVED BY
T. L. McNorton
REVISIONS
B8C/RLD-218 ORIGINAL FILED IN PRODUCT DESIGN SECTION 8608-000-163

PaGE _2___oF _3 B-18
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PROJECT NO. THE BENDIX CORPORATION CODE IDENT, SPECIFICATION NO. REV,
RESEARCH LABORATORIES DIVISION
3812-302 SOUTHFIELD, MICHIGAN 11272 DS-668 A
TITLE 4 DATE
Servo Valve No. 3812 (J-2 Actuator) January 7, 1964
Characteristic Unit Value
At 800 psi & 700F using hydrogen
toot3 db Amplitude cps
90" phase lag cps
Weight ’ 1bs.
Life: At -250°F hours T2
(cycles) (130,000)
+ 6
At 70°F (Z0.015 stroke) < cycles 10
Valve Pressure Gein
Blocked Ports psi/amp 325,000
0.086 diameter load psi/amp 38,250
0.138 diameter load psi/amp 14,600
Open Ports psi/amp 3,300
/ VY i
PREPARED BY G/ﬂ,éf('%ﬁ CHECKED BY APPROVED BY
T. L. McNorton
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nc/RLD-218 ORIGINAL FILED IN PRODUCT DESIGN SECTION 2808-000-183
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PRt T NO,

3 12-301

THE BENDIX CORPORATION P ST A YRR
RESEARCH LABORATORIECS DIVISION T -
SOUTHFIELD, MICHIGAN DS -575 £

ENGINEERING SPECIFICATION

"newnatic wehovy sotor January t, 1%ok

b

1. oo

1.1 Tuis specification establistes design, perforucnce, and test regiirements
far a oneumntic rot-ry mohor intended for use in 8nactuatcr control system for
cossible turust v.ctor control of the J=2 enrine.

2. ACPLIC AL BOCL TS - Tre following specificrtions, standards, drawings, and
srocedures consbtitute a part of tuis specificzticn to tue extent specified nerein.
nless c'urra se indicoted, tne revision and issie date snown sunall &apply.

APRCIFIO N TICN”
Militarr

MIT=Ceul21

(I1-I-01010

ML= =77h24

FIL="=0107
SemEaT
Silitary
AILe=RTh=t3
11 -7"D-10

“IL=7TD-129

Castings, Classificaticn and Inspection
of, for Aercvnautical Applications.

Interference Control requirements, *ir-
craft tquipment.

Screw Threads, Standsrd, Cptimun
Selected 3eries, General Specificstion

{or.

Test Reports, Prenaration of.

Timeasicning and Tolerancing.
Surface ilourhness, Waviness and Lay.

Marking for Snipment and Storage.

15=-21209 Insert, “crew Tiread, Coarse ~nd Fine,
<crew Locking, .elical Coil, Cres.

M3=335L0 Safety Wiring, General, Prsctice for.
MS-33586 Metal, Definition of Dissimilar.

PRt PAIETD By CHECRED RY APPROVED BY

’ 4 ‘
el L IR :rr/ e
Z
RE 4345 NS
B mone21a ORIGINAL FILED IN PRODUCT DESIGN SECTION 8608-000- 163
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Ewast T oNO THE BENDIX CORPORATION SEECIFILATION MO, wr v,
. RESEARCH LABORATORIES DIVISION re gt 2
3012-301 SOUTHFIELD, MICHIGAN L%-575 /
ENGINEERING SPECIFICATION
Y "neumatic «otary totor January £, 196k
DRSS
iC="h0 Boss, Straight Thread, Standard

Dimension for.

‘corpe 7. rarsuall “oace Plight Center

MR e 01584 Sodering of lectrical Connecticns
(1iigh Reliability), Procedure for.

S

ST PURLTCATIONS

Sensslidated Classiflicrtion Committee

fensolidaned Freight Classification itules

"“rolic-iion for cocies smould be addressed to tre Consclidated Classification
Dc.mittee, 2u2 Union Station, Chicago o, Illinois.)

imer can Trucking #ssociation

qationsl otor Freight Classification iules

*policztion for coies should be eddressed to the American Trucking Association, lucy
let: Strect, M., dashington, B. C.)

3.1 .ctor = The notor stall be a pneumstic bi-directional. rotary out.ut,
sos*tive d7solacewnt -levice capsble of mounting %o tne power conversion transmission
~nd utilire a se:vo-valve for tue gas source.

2,1.1 Tnterchengeability - *11 like parts neving she same part number srall be
Y i &
functionz1lly ani Iimensionally interchangesole.

3.1.2 tetals -~ ,evals used in fabricating this motor st all be tie corrosicn
resistant fyoc, or suitnbly treetel to resist corrosion under all conditions speciried
serein, =nd L.cse cocrditions likely to be met in storage or normal service.

.1.2.1 Dissicilar metals - Where di siailar metals are used, protection against
51 tic corrosio. shall be provided, see Staniard MS-33586.

3
elactr

PREPARED ™ v CHECKED BY APPROVED BY

g 4,
£ A d o
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N T {

R THE BENDIX CORPORATION o o
RESEARCH LABORATORIES DIVISION
AIRSET SOUTHFIELD, MICHIGAN Lroonl
S, o R S

ENGINEERING SPECIFlCATION

“seunonieoaotl o Lo bor L January H, 196l
“.1.0 foetings and forpiug s - ALL cas Liaws nd Tourod s, 21l be of wign graide

g.aliby, free {rom DLGW noits, c:acks, porosity ant Suirp Cnstings srall be
inspeeted and claanifief in accorlance ditr “pecification M1T.-C-0021.

3.1.4 Serew tureaas - “crew L.areads sicll be uniried trrecd form class 3% or 31,
as applica 1€ in Taccoraance witn Specificasion FIL-37TL2A. Wrere tauvped ncles in
Sluenum ~1lev or magnesiun are used, remcvavle externslly trreaied sbecl inserts in
.ccorta ce itk Stariard w0-2100% snall ve used. This suell a ply in tiose cases Wierd
rrocuent recwoval of tne trresded vart will be encountered in nermal cervice or
w2intencace. Cofty ~iring siall e provided in accerdance wita Stendard 3=23000

2.1.%  lunbire o nnectlions - All pluming contections snall be designed in
ICEOr IR Ce woe Sl Draw ing Rii=dUu.

2,7 Lovironment cananiliuy - Tue motor soccified snall ve c=pable of meeting
verlormance reauirumcnts under +tne fcllowin, environmental coraiticne:

Bl
]
)

a. Tencerature =250 de,rees ranrenneit to 150 degrees rawrenno it (?]

A

16 millirmeters of mercury (mm ug) to sea lov L

A, Coy e 4ot
c. lprouicon LY grovity (g

1.3 Tife & reliapility - The motor suall be caunable of operating for 72 ncurs
ander tug conliticns ani requirements specified nerein.

2., youcr operating cenditions

.40l Jorzinp medium - Tre oneumatic m tor sunall pe designed to neet t..e ver-
“ormance require wnts sp.cifled herein using cold gascous uydroger at winus 50
seporees . aad & newinal pressure of YUy plus SuU mirus 1e0 vo nis/square incr ;a.e

psig; as 7 wereice medius.  when specified, ot +,uée mediums may be used proviaeld bList
tie @9 temperature is selected to give a perfcrmance comparable to the operaticn
witr, nydrogen o minus 250 Jegrees F.

Ji.?  dorking pressures - Tie nominal working pressure snall ve clUu psig. Tne
moter ~i.all Be caprble of w- ti.wtanding, witnout ocrmanent zeformation or los= of
pericruance, a proof supply ovrissure eyual to 1600 psig and a proof reLurn orestuce
of GUL neip, Nesifn burst pressure snall be 3200 peiy for supply and leww psip ror
return.

FE PA L A b e oy afs ROVED WY

‘I. /wjoul/// <

b ISTONY

CASEYANY CHRIGINAL FILEG IN PRODUCT L ESIGN SEUTICN
b
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PROJECT NO. THE BENDIX CORPORATION SFEECIFICATION NO. R,
RESEARCH LABORATORIES DIVISION .
3812-301 SOUTHFIELD, MICHIGAN DS -675
ENGINEERING SPECIFICATION
e Pneumc~tic lotrry rotor o January 8, 1504
3.5 jotor response
—_———— —

1.5.1 Qoven leop freguenc: ilesponge - The motor and valve are approximated by
a  second order system with a natural frequency of 2L cps (no load) with a dasping
tactor of 1.u.

3.6 Design and construction

3.0.1 71 e % weiht - The motir snall be designed to fit within the available
space noted on rirure 1, wexinum weight of tne system, shall not exceed 5.5 pounds.

3.6.2 Design criteria - Tne motor suall be designed and constructed to wi th-
stand tne strainz, shocks, vibrations, and otner conditions incident to shipping,
storage, insrtall~tion, naniling, and operational scrvice as defined in this
soecification.

3.6.3 lLubrication - Self lubrication s.all be used in all necessary areas. Tue
lubrication suall be adegu  te fer those environmentsal eccnditions of paragraph 3.2.
Tubrication snall 88 adecuate for a 72 hour duty cycle or 130,000 operating cycles atb
1/2 rated lord, L/( stroke and C.5 cps 3ezl chaiges will be permitted 2%t 50,000
cycle intervals. The motor sh2ll be czpable of performing #ithin the reguirements
of t.is specificntion after a 70 day scak at minus 250 degress F and 100 mm iig. This
reqguirement suall also apply for an & hour soak 2t plus 150 degrees F.

3.0.k cujescent Flow - The quiescent flow sh=1l be no greater t.an u.5 powids
ver minute with tie serve valve at null and witn supoly pressure connected.

3.0.% wotor Cutout - The steady state output of the motor suall be an angular
veleeity proportional to tue input gignal.

3.7 Motor Type = The motor shnall consist of all parts neccssary to convert tue
stored eneryy of bvdrosen gas into a rotary output. The motor shall be a positive
displacement, vi-directional continuous rotary device.

3.7.1 lotor Torguec - The motor snall be designed so tue maximum output torcue
shall not exceed 27U incr-rounis of torque.

3.7.2 .otor velocity and acceleration - With a simulated inertia load of
6.5 x 10=3 ocund-incn secondn , wne motor shall te capP51e of producing an angular
velocity of 2700 RPM and 'n acceleration of .03 cadians per second“. Tne
maximum no load velocity of the motor srall not exceed [V00 RPH with a pressure drop

[ A - .y

PREPARED BY CHECKEDBY APPROVED BY
Qf? ,455%5/ruc£4‘/44
REVISIONS
BC RLD-218 ORIGINAL FILED IN PRODUCT CESIGN SECTION 8808000163
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THE BENDIX CORPORATION o caTon o [ EV.
i RESEARCH LABORATORIES DIVISION L F:
3812-101 SOUTHFIELD, MICHIGAN 05 575 !
ENGINEERING SPECIFICATION
o fneumatic dotary rotor “I:L" January Y&, 19ul

See !LD Layout No.F="15396

Ficure 1 Envelope

PREPARFIYRY

(f, L;’é 2! /.{_/‘/.4( .'

CHELRED BY

APFROIVED 8Y

RE VISIONS

PeRLAZIA ORIGINAL FILED IN PRODUCT CESIGN SECTION

FPAGE 5 OF "‘3
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FROJECT NO. THE BENDIX CORPORATION SPECIFICATION NO. R¥ y.
RESEARCH LABORATORIES DIVISION 676 .
3812-301 SOUTHFIELD, MICHIGAN DS -57¢
TITLFE . T ATE
Pneumatic otary wotor January €, 196k
See ALD Layout No. E-215396
Figure 2 Porting
PREPARED B . CHECKED BY APPROVED 8Y
& /?a'éom’/«&'
REVISIONS °
BC/RLD-218 ORIGINAL FILED IN PRODUCT DESIGN SECTION BEGB-000-163
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RRO I CT NOL THE BENDIX CORPORATION ARECIFIZATION NG wEV,

RESEARCH LABORATORIES DIVISION

W= SOUTHFIELD, MICHIGAN NS-676 -
ENGINEERING SPECIFICATION
o neumatic wotary Motor n January ¢, 15ul

of LUU psig across tie motor,

3.7.3 or~ted load - Hoted load of tune motor snall be L7 inch pounds of frictional
torque and an inertial load consisting of the transmission and load of 6.0 x 10-3 2
pound-incn-secondsz. The motor inertia shall not exceed 1.5 x 1lu™” pound-incr-geconds®p

3,7.L4 Attach Points - The mo%or shall have mounting pads designed for given seal
Light loints et~ en tie servo-valve and the tranamission and giving adequate structual
ly rigidity and strengtn for proof and burst testingtwnen assembled to tne system.

3.7.5 Threshold - Tie increment of valve current to cnange tae direction of an
unloaded motor shall not exceed, 3.5 ma with BUu psie applied to servo-valve.

L. uality Assurance Provisions

.1 Testing - Unless otherwise specified, tests wmay be conducted with a gasecus
medium at a vemperaturc which will provide performance comparable to hydrogen at minus
260 degrees ¥, Gystem pressure snall be 00 plus 50 minus 100 psig. Ambient pressure
snall be 25 to 30U incues ng.

i:.1.1 Properly Connected - Wnen tne motor is referred Lo as properly connected
it snall mean tuah tue system is loaded as in paragrapn 3.7.2.

4.1.2 7as Consumption - With the system properly connected an input shall te
apnlied whieth is eg.lvalent to * 17.5 revolutions of tre motor. This signal snall
be varied sinusoidal at u.3 cps. The total gas consumption of the motor snall not be
sreater than 3 pounds per minute.

L4.1.2 Velocity - W4itn the mot.r-valve combination connected open loop, rated
current, snall oe apolied to tre valve. The simulated load velocity snall ce 3500
oMM 350 2P, Tue test suall be repeated for 75, 50, 25, and 10% of rated current.
Lcad velceity as determired at each given percent of rotted current shall be in
accordasce with fizure 3 . ‘

i.1.L tcceleration - PRated current shall be applied to the servo valve 2s a
step input. The maXiaum output of tne motor suall be not less than L.63 x 1u
rad/se. This test stall be repcated for 75, 50, 25, and 1V percent of rated
current.

L.1.9 Flow plot - A flow plot of tne servo valve-motor combination under no
load and rated load conditions shall be made and thie data recorded. The plot shall
si.ow valve flow versus current. /11 curves shell include datas for 150 percent of

PREPARED DY CHE oRED BY APPROVEL AY

’
& Ceor fnwr,/a.'

KB VISIONS

fC RLD-218 ORIGINAL FILED IN PRODUCT DESIGN SECTION BAOB-000-163
.
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PROJECT NO, THE BEND'X CORPORATION SFECIFICATION NO, REV,
) RESEARCH LABORATORIES DIVISION .
3812-%01 SOUTHFIELD, MICHIGAN DS-674 -
ENGINEERING SPECIFICATION
e Pneumatic Rotary .otor o January 8. 19oh

rated current.

lh.1.0 Pressure plot - A pressure plot of the motor recovery pressure under no
load and rated load conditions snhall be made and the data recorded. The plot shall
snow AP as a function of current. A1l curves shall include data for 150 percent of
rated current.

L.1.7 Null bias measurement - With the valve properly connected, the null bias
current shall be no greater tnan 0.50 ma.

L.1.t Tnreshold - The thresnold of the motor-v-lve comiination as defined, suall
be determined and siall be no greater than 3.5 ma.

PRFPARED BY CHFOKED BY APPROVED BY
£ é.oaé//:.{gffsu
REVISIONS
BC RLD-2t8 ORIGINAL FILED IN PRODUCT DESIGN SECTION 8808-000-163
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SOUTHFIELD, MICHIGAN

SPFCIFICATION NO, REV,

n5-4675 1

TITLE

ENGINEERING SPECIFICATION

“nevmatic Yotary Jotor

Jarmary . 190

—— Allowable Velocity Band

(2 10% of Nominal Velocity

at »ach Given Invut

7 denotes rate current

/b 3?95
|
; | 3usv
| .
i i
3105
— !
. a
x Vs |
3., /, S 1
\ o a
A% § A
N o //i//"' f
? S i
N Q s
oL T / N Nominal Velocity
SIN // at %ach Input
. /. |
N\ / \
|
-
0 +X

Differential Current (MA)

Firure 3 -VELOCITY LIMITS
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APPENDIX C

ANALOG SIMULATION STUDIES OF J-2 ENGINE
CONTROL - PNEUMATIC ROTARY VANE ACTUATOR

This Appendix summarizes the analog simulation studies of a J-2 engine control
system using a pneumatic rotary vane actuator and a two-stage jet pipe valve. The
System response is evaluated under the effects of the revised structural resonance
and coulomb friction load on the engine. Particular attention is focused on the engine

dynamic performance. The results show that with minor changes in the actuator para-
meters the specifications can be met.

The block diagram, Figure C-1, is set up such that it closely resembles the
physical system, especially the locations of the saturation limits. The amplifier used
is the one specified, with 0.7 damping and 300 rad/sec natural frequency. The torque
motor gain KTy, is 2 x 10-3 in/ma. The servo valve pilot stage time constant, 7v,
is set at 1/340 seconds or the first order break frequency of 54 cps. The mass spring
system of the servo valve is neglected because its undamped natural frequency is over
300 cps and there is very low damping in the valve.

Motor pressure feedback, if needed, is summed at the jet pipe. Just as in the
physical case, the pressure acting on some bellows area becomes a force which
works against a spring resulting in a jet pipe position proportional to the pressure.
The loop closure around the jet pipe position saturation limit results from writing the
valve flow and force summation at the jet pipe. This is shown in detail, in Appendix C-1.
The two partial terms, $p/9y and Jp/9Q, representing the characteristic curves of
the valve and motor, are reasonably linear and, thus, are represented by constants.
T1 represents the time constant of the motor or the effect of compressibility of gases
on the time required to pressurize the motor. 71 is set at 0. 007 second. The motor
pressure, acting on the displacement of the motor times the transmission ratio pro-
duces a force on the engine load. Minor loops are added to account for the transmission
efficiency of 80 percent and the actuator coulomb friction. A position loop is closed
around the actuator. The feedback potentiometer has a gain, Kf, of 20 volts/in.

Before the problem is put on the computer, a brief analysis is made so that it
can be used as a guide. The amplifier dynamics and the valve lag are neglected and
a transfer function written for the actuator position to command signal.
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It is quite obvious therefore that positive pressure feedback decreases a and
negative pressure feedback increases a. Variation in forward loop gain, which in this
case, is accomplished byvarying K,, results in a proportional change in 8. a can be
interpreted as the damping ratio. However, discretion must be used in changing a since
there is a point of diminishing return depending on what the value of 8 is. The wyg of
the actuator can be used to check portions of the computer set up. By disengaging the
engine and friction load from the actuator, the servo actuator will oscillate at its un-
damped natural frequency when K, is set sufficiently high. The oscillation is observed
to be 32 cps. The calculated undamped natural frequency of the actuator is 24 cps.
However, in the computer data, the amplifier and valve phase lags which accounts for
about 30 degree at approximately 20 cps are also included. These lags theoretically
reduce the actuator resonant frequency to 16. 5 cps. The mass spring system of the
engine is checked in the same manner. Its natural frequency is 9. 2 cps.

C-2




The dynamic response requirements are listed as follows:

1. Transient response - the transient response of the system shall have a rise
time, Ty, of less than 0. 419 second and settling time, 74, of less than 0. 35.
The overshoot shall be less than 30 percent (Figure C-2).

2. Closed loop frequency response - the closed loop frequency response of the
system shall have no greater than 20 degrees phase lag at 1 cps and a peak
amplitude ratio of not greater than 1. 5 (+3. 5 db), system bandwidth (-3 db)
shall be 8 cps or greater.

An engine friction load of 730 pounds is used to tune up the control system. It
has been determined that with minor changes in the 9p/9Q term from 1.5 to 1. 7 and
71 from 0. 01 second to 0. 007 second and K, set at 14, all the dynamic response re-
quirements can be met. Since the vane motor used here, unlike the gear motor, is
not overdamped, no motor pressure feedback is necessary. The gain adjustment
setting K,, is determined by observing the frequency response peak and bandwidth
since experience have shown that the transient response requirement can generally be
met. The engine and actuator frequency response is shown in Figure C-3 and plotted in
Figure C-4. The engine response peaks to +3 db at 5. 6 cps. The bandwidth is at 8 cps.
At 1 cps, the phase lag is 18 degrees. The closed loop transient response for 6, 10, 50,
75, 100 percent amplitude steps are shown in Figure C-5. The time scale is changed
to check the rise time and settling time (Figure C-6). The rise time and settling time
are 0. 041 second and 0. 212 second respectively and the overshoot is 18 percent.
Static stiffness at the actuator with various loading is shown in Figure C-7. With 20, 000
pound load on the engine, the measured stiffness is 1. 35 x 106 Ib/in. The dynamic
stiffness response is shown in Figure C-8. A sinusoidal 10, 000 pound load disturbance
is applied and the actuator and engine position recorded. The dynamic stiffness of the
servo motor and engine is then plotted in Figure C-9. The open loop velocity and
acceleration data are also taken. Figure C-10 shows that the actuator saturation ve-
locity is approximately 4 in/sec. and the maximum acceleration is 40 in/sec2.

The engine position frequency response with 7, 300 pound friction load is also
shown in Figures C-3 and C-11. The bandwidth is reduced to 5 cps and the phase lag
at 1 cps is over 50 degrees. It should be noted here that compensation network can
be added to increase the bandwidth to 8 cps and reduce the phase lag at 1 cps. A
simple lag-lead network needed here can even be achieved by all mechanical means
as shown in Appendix C-2. If the dynamic response is tuned with 7,300 pound friction,
however, it is verylikely that should the friction be reduced in any manner, the response
characteristic will change considerably. Since the actual engine friction load can be in
the range of 730 pounds, the parameters determined would serve as a guide in the pre-
liminary design of the actuator system.

C3



APPENDIX C-1

The pilot stage and the jet pipe value is shown schematically in

Figure 12. The flow equation after linearization is:

9Q aQ \4

— Ax=ASy+|— + =—S| A 1

ox * Y ‘Bp B ) P (1)
The pressure force, acting on the bellows area A, together with the
positive or negative pressure feedback force, work against a spring
and positions the jet pipe. Thus, )

+F  + ApA
pB .
k
&

The block diagram can thus be set up from Equations (1) and (2)

JET PIPE POSITION SATURATION
+0.1

Fep ! f y
Ks

-0.1

9Q AX K i
X Kt

JQ v
dp B

P- 1747

This can be modified as follows.
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where

Torque motor force gain, lb/ma
Torque motor displacement gain, in/lb
Volume under compression,in.

bulk modulus




APPENDIX C-2
ALL MECHANICAL LAG LEAD NET WORK

A lag lead net work can be achieved by a simple orifice and a
bellow as shown in Figure 13.

p
— m \'4
A Sx + cA RYT — = —'5§
§ o p kp °
where
Aﬁ = Compensation bellow mean effective area.
= Compensation bellow stroke.
C = ¢cq xcy
= Coefficient of orifice discharge x c; of the
fluid.
A0 = Orifice area
R = Gas constant
T = Gas temperature
V = Volume under compression downstream
of orifice
k = Specific heat ratio.
p A
. . . m o
Linearizing and substituting X = =
B
2
A A A
pm §) N oRﬁpm pmoc oRﬁ \4
— S + = > p t+ K sp
B po P0 po
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+ 1:— S
P _ Po B
pm pmoCAoR'/T )
+ S
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P, s P
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kCAoR\/I‘

Thus, the lag lead corner frequencies can be adjusted to the

proper values by varying the parameters.
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Figure C-3. Actuator and Engine Frequency Response (730 LB Friction Load)
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Figure C-3 (Cont'd). Actuator and Engine Frequency Response
(730 LB Friction Load)
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Figure C-11 (Cont'd). Actuator and Engine Frequency Response
(7300 LB Friction Load)
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